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"Thermodynamics of the complexation between Asparagine and first row 
Transition Metal Ions, An vitro examination of iji vivo systems'
by Allan Cameron Baxter, B.Sc, (St.Andrews),
A Thesis for the Degree of Ph.D. at the University of St.Andrews. 
Abstract
Thermodynamic parameters have been obtained for the complexes 
formed between protons, first Transition series metal ions and the 
asparaginate ion in aqueous solution at 25*^0 in an ionic background 
of 3.00 M (sodium) perchlorate. The metal ions under consideration 
are manganese(ll), iron(II), cobalt(II), nickel(II), copper(II) and 
zincdl ).
The techniques employed were potentiometry to obtain the 
formation constants (and hence Ao°) for the complexes, and aqueous
titration calorimetry to obtain the corresponding (and hence
A s ° )  values.
The results show that iron, cobalt, nickel and zinc are capable 
of binding up to three asparaginate ligands, whereas for manganese 
and copper the maximum number of bound ligands is two. All the 
complexes reported one simple A^B species; no hydroxy^ protonated 
or polynuclear species were detected.
The results are used(l) to discuss an unusual "homologue" 
effect whereby the trends among homologues for bonding to protons 
and to metal ions are opposite to each other, this apparently 
being a repercussion of solvation differences between homologues 
and (2) to show that quite a large proportion of asparaginate in
blood plasma may be complexed to Zn(II), Fe(II), and Co(II), as
well as the expected Cu(II),
The techniques of potentiometry and calorimetry are further
employed to determine the thermodynamic parameters for three ternary
systems, one, copper(II)-histidinate-threoninate, which is known to
exist in vivo, and two others, copper(II)-asparaginate-histidinate
and copper(II)-asparaginate-threoninate, which have not yet been detected.
Structures are suggested for the complexes Cu.asn.his,, Cu.asn.his.H ,
+Cu.asn.thr., Cu.his.thr. and Cu.his.thr.H , In these complexes 
histidinate is tridentate to Cu(ll), threoninate is bidentate and 
asparaginate is intermediate between bi and tridentate. The site 
of proton attachment in the protonated complexes is the primary 
amine site of the histidinate ligand.
Throughout the work extensive use was made of computer programs, 
all of which are described in the chapter entitled "Computational 
Aspects",
A.C, Baxter
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NOMENCLATURE
The following is a list of symbols and abbreviations which 
have been used throughout this work.
A and A ’ - Total concentrations of ligands A and A*
a and a* - Free concentrations of ligands A and A*
B and B* - Total concentrâtiore of central groups (metals) B and B*
b and b* - Free concentrations of central groups (metals) B and B*
E • - Electromotive force (e.m.f.)
~E° “ Standard e.m.f, for a glass^calomel electrode pair
F - Faraday
f  - Activity coefficient
H - Total hydrogen ion concentration
h “ Free hydrogen ion concentration
I - Ionic strength
1 - Electrical current
3j  - Joule (unit of energy - usually appears as kj = 10 joules)
K - Kelvin (unit of temperature)
k - Stepwise concentration formation constant for a protonationreaction
k - Stepwise concentration formation constant for a complexation
- mol.dm"*^ reaction
k^ - Ionic product of water (also wk)
p and p* - Number of ligands A and A' in a complex
q and q* - Number of central groups (metals)B and B* in a complex
r - Number of protons H in a complex
s - Standard deviation
—3V - Voltage (often appears as mV = 10 volts)
Z - Average Number of‘ligands A bound per central group (metal) B
pqr Thermodynamic overall formation constant for complex
*^ pqr
A H °
A  s'"
6
V
S I
Concentration overall formation constant for complex A^B^H^
Standard Gibbs free energy change 
Standard enthalpy change
- Standard entropy change
Extinction coefficient 
"^ 1- Frequency (in cm )
Electrical resistance (ohms)
with
3.00 M (Na)ClO as 
standard solvent
r7
The abbreviations for the amino-acids (asn, his etc.) are as 
according to Specialist Periodical Reports : Amino-acids,
Peptides and Proteins, Volume 4, Chapter 5, Chemical Society, 
London, 1972.
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1.
C H A P TE R  1 INTR O D U C TIO N
The a cq u is it io n  o f knowledge about l iv in g  system s has p rog ressed  
re m a rk a b ly  in  the la s t few  ye a rs . New techniques have p layed a la rg e  p a r t  ^  
in  these advances, and c o -o rd in a tio n  c h e m is try , b io - in o rg a n ic  c h e m is try , 
o rg a n o -m e ta llic  c h e m is try , enzym ology and m o le c u la r b io lo g y  have toge the r 
m ade a s ig n if ic a n t c o n tr ib u tio n .
D u rin g  the 1930’ s the th e o re tic a l s ide  of c h e m is try  developed g re a tly ,
c u lm in a tin g  in  P a u lin g ’ s w o rk  e n title d  ’ ’The N a tu re  o f the C hem ica l Bond’ ’^ .
2Hedges noted tha t ’ ’ in o rg a n ic  c h e m is try  was again com ing in to  its  own”  , 
a com m ent w h ich  is  aga in  re le v a n t today, bu t th is  new re v iv a l o f in o rga n ic  
c h e m is try  is  due to expansion in  both the th e o re tic a l and the p ra c tic a l f ie ld s . 
New expe rim en ta l techniques have been d iscovered  and developed w ith  the aid 
o f m o re  e ff ic ie n t in s tru m e n ts , and the in tro d u c tio n  o f h igh-speed  com pu te rs , 
w h ich  has had a pro found e ffe c t on sc ience  and technology in  gene ra l, has 
bene fitted  c h e m is try  in  p a r t ic u la r .
C h e m is try  has been t ra d it io n a lly  d iv ided  in to  in o rg a n ic , o rgan ic  and 
p h ys ica l c h e m is try , bu t these d iv is io n s  have always been regarded  as o v e r­
s im p lif ic a t io n s  ,and today a re  becom ing  in c re a s in g ly  i l l-d e f in e d . T h is  is  
shown by the va s t f ie ld  o f o rg a n o -m e ta llic  c h e m is try , and by the fa c t tha t 
e n tire  jo u rn a ls  a re  devoted to p h y s ic a l-o rg a n ic  c h e m is try . H y b rid  nam es 
have been produced to define  the new a reas o f re se a rch , such as o rgano - 
m e ta llic  c h e m is try  and b io - in o rg a n ic  c h e m is try .
The o r ig in  o f b io - in o rg a n ic  c h e m is try .
The te rm  b io - in o rg a n ic  c h e m is try , o r  in o rg a n ic  b io c h e m is try , was
2.
3used by W illia m s  to d e sc rib e  the s tud ies o f m e ta l compounds in  b io lo g ic a l 
system s and the use o f m e ta l c o -o rd in a tio n  compounds as m odels  o f m e ta llo -  
enzym es. B io - in o rg a n ic  c h e m is try  had its  beginn ings ju s t a fte r  the second 
w o r ld  w a r, when ch em is ts  began to study com p lexa tion  re a c tio n s  between 
m e ta l ions and b io lo g ic a lly  im p o rta n t s im p le  ligands such as a m in o -a c id s .
W ith in  the la s t 10-15 ye a rs  ra p id  advances have been made in  the deve lop­
m en t o f b io - in o rg a n ic  c h e m is try , and the in te re s t that in o rg a n ic  chem is ts  
and b io che m is ts  now have in  each o th e rs ’ f ie ld s  has been g iven  a cons ide rab le  
boost b y  the em ploym ent o f such techniques as X - ra y  c ry s ta llo g ra p h y  in  the 
study o f m e ta llo ip ro te in s .
The in o rg a n ic  c h e m is t’ s in te re s t in  the concepts o f com p lex 
s ta b ilis a tio n  by lig a n d - f ie ld  e ffe c ts , ha rd  and so ft ac id -base  the o ry , ca ta ly s is  
b y  m e ta l com plexes, the e ffec ts  o f com p lexa tion  on e . m . f . , and genera l 
the rm odynam ic  and k in e tic  e ffec ts  in  com p lexa tion  is  lead ing  tow ards an
4exp lana tion  o f the behav iou r o f m é ta l lo -enzymes .
M any re se a rch  groups a re  s tudy ing  the fo rm a tio n  and s ta b il ity  o f 
b io lo g ic a l m e ta l io n -co n ta in in g  compounds of a w ide  range o f m o le c u la r 
w e igh ts . M any o th e r groups a re  devoted to the design o f d rugs as th e ra p e u tic a ls , 
f o r  exam ple, a n ti-c a n c e r d ru gs . Such d rugs o ften conta in  a m e ta l ion , and 
som e a re  m e ta l com plexes o f a lre a d y  estab lished  d rugs.
W illia m s  has pointed out tha t l i f e  is  as m uch in o rg a n ic  as o rg a n ic^ , 
so i t  is  p leas ing  to re c o rd  that b io c h e m is try , w hich has re ce ived  so m uch 
a tte n tion  fro m  o rgan ic  ch e m is ts , is  having its  in o rga n ic  aspects ra p id ly  
developed.
3.
The im po rtance  of m e ta ls  in  hum an m e tab o lism .
The im p o rta nce  o f m e ta ls  in  hum an m e tabo lism  was re a lis e d  as
r?long  ago as 1500 BC when P r in c e  Iphyc lus  was cured o f im potence by a
6suspension o f ru s t in  w ine  .
O f the 87 n a tu ra lly  o c c u r r in g  e lem ents, e ighteen can be cons idered  
as be ing  essen tia l to the hum an body. E ig h t o f these, H, C ,N , 0 , P , S, C l and 
I ,  a re  n on -m e ta ls  and ten, N a ,K , M g ,C a ,M n , F e ,C o ,C u ,Z n  and M o, a re  
m e ta ls .
The f i r s t  fo u r  n o n -m e ta ls , H ,C ,N  and O, fo rm  a m in o -a c id s , s im p le
o rg an ic  m o le cu les , w h ich  can b u ild  up in to  long  chains in  peptides and p ro te in s .
Sulphur is  a lso conta ined in  the a m in o -ac ids  cyste ine  (S-H group), cys tine
(C -8 -8 -C ) and m e th ion ine  (S -C H ^). The non -m e ta ls  H ,C ,N  and O a lso  fo rm
ca rbohyd ra tes , s te ro id s , l ip id s  and n uc le ic  ac ids . P hosphorus is  conta ined
in  n uc le ic  acids and in  c e r ta in  c lasses o f l ip id ,  and a long w ith  su lphu r and
3 - 2 -c h lo r in e , is  a lso  essen tia l as ions (PO^ , 8 0 ^  and 01 ) in  m a in ta in in g  
e le c tro n e u tra lity , o sm o tic  p re s s u re  and c e ll vo lum es. Iod ine  occurs  in  
horm ones such as th y ro x in e .
The m e ta l ions can be d iv ided  in to  two subgroups, the b u lk  m e ta l 
ions sodium , po tass ium , m agnesium  and ca lc iu m , charge c a r r ie r s  and 
aqua ted ca tions, and the la s t  two a re  a lso  of p r im e  im p o rta nce  in  the ac tion  
o f adenosine triphospha te  (A T P ), and the tra ce  m e ta l io n s  M n (n ), Fe(ll)/(111), 
C o (n ) /g i l) ,  C u (ll) , Zn(B) and M o (V I).
A no the r seven e lem ents. S i, V , C r, Se, Sn, B r  and F , have becom e 
e ssen tia l o ve r the y e a rs , appa ren tly  by fo llo w in g  the schem e poisons — >
4.
to le ra b le  im p u r it ie s —> use fu l e lem ents essen tia l e lem ents'^. D ie ta ry  
d e fic ien c ie s  o f these e lem ents p roduce  an im a l g row th  ra te s  as low  as tw o - 
th ird s  o f the n o rm a l g row th  ra te s . I t  appears tha t bo ron , ge rm an ium  and 
n ic k e l have now s ta rte d  a long the t r a i l  to becom ing essen tia l e lem ents, and 
in  re ce n t yea rs  cadm ium , m e rc u ry  and lead have becom e im p o rta n t through 
p o llu tio n  o f the env ironm en t by c iv il iz a t io n .
The d iva le n t tra ce  m e ta l ions M n (II), F e ( ll) ,  C o (Il) , C u (ll) and
Z n ( ll) ,  w e re  chosen as p a r t  o f the sub jec t m a tte r o f the p re se n t w o rk , and
5-10N i(H ) was included to com p le te  the 3d s e r ie s . The w o rk  is  a la b o ra to ry  
in ve s tig a tio n  of p oss ib le  in  v iv o  re a c tio n s  o f m e ta l ions and a t th is  p o in t i t  
is  a pp ro p ria te  to co n s id e r the b io lo g ic a l rô le s  o f these m e ta l ions.
The b io lo g ic a l rô le s  o f the f i r s t  ro w  tra n s itio n  m e ta l ions .
Manganese.
Manganese s a lts  a re  p o o r ly  absorbed fro m  the in te s tin e , but a fte r  
p a re n te ra l a d m in is tra tio n  manganese is  concentra ted in  the l iv e r  and k idneys, 
and excre ted  la rg e ly  in to  the co lon  and b ile ,  w ith  on ly  a s m a ll p o r tio n  in  the 
u r in e . Inges tion  o f excess ive  q uan tities  o f manganese appears to in te r fe re  
w ith  abso rp tion  o f iro n , thus causing an anaem ia w h ich  is  re a d ily  p reven ted  
by in c re a s in g  the d ie ta ry  iro n .
Manganese is  in t im a te ly  bound to a rg inase  o f l iv e r  and is  re q u ire d  
fo r  the ac tion  o f m any enzym es w h ich  p e r fo rm  redox  re a c tio n s , e .g . the 
o x id a tive  p  -ke tod e ca rbo xy la se s , c e rta in  peptidases and m u sc le  adenosine 
triphosphatase .
5.
M n(II) can re p lace  M g(II) in  the DNA schem e bu t the m a jo r  re a c tion s  
g ive  a d if fe re n t range o f daughter p ro du c ts .
( i i)  I ro n
N a tu re  has p ro v ide d  iro n  w ith  a s te re o c h e m is try  in  v iv o , w h ich , 
w ith  one exception (see la te r ) ,  cannot be reproduced in  the la b o ra to ry .
65-70% of body iro n  is  found in  haem oglob in . The m e ta l ion  co­
o rd ina tes  o c ta h e d ra lly  bu t one o f the two a x ia l s ite s  re v e rs ib ly  b inds and 
re leases  m o le c u la r oxygen. The o th e r a x ia l s ite  is  occupied by the im id a zo le  
n itro g e n  o f a h is tid in a te  re s id u e , w h ile  the fo u r e q u a to ria l s ite s  a re  occupied 
by the donor n itro g e n  atom s o f a p o rp h y r in  r in g . The s tru c tu re s  of cy toch rom e  
C and pe rox idase  a re  s im i la r ,  bu t in  the fo rm e r  h is tid in a te  res idues  occupy 
both  a x ia l s ite s . C ytochrom e C is  an e le c tro n - tra n s fe r r in g  p ro te in  and is  
in t im a te ly  united w ith  the in te rc o n v e rs io n  between the fe r ro u s  and fe r r ic
g
s ta te  o f the haem iro n  . In  pe rox idase  one o f the a x ia l s ite s  is  used fo r  
b in d ing  hydrogen p e rox id e , and the re  is  some evidence tha t the c e n tra l 
iro n  atom  is  ox id ised  to the (IV) s ta te^.
In  h is  stud ies on haem og lob in -type  m o lecu les  Wang su cce ss fu lly  
p re pa re d  a m a cro m o le cu le  w h ich  re v e rs ib ly  com plexed m o le c u la r oxygen^
T h is  m o lecu le  contained 1 - (2 -pheny le thy l)-im idazo leca rbonm onoxyhaem  
d ie th y l e s te r embedded in  a m a tr ix  o f an am orphous m ix tu re  of p o lys ty re n e  
and l- (2 -p h e n y le th y l) - im id a z o le , and showed a ca rbonm onoxyhaem -like  
a bso rp tion  sp ec tru m . On re m o va l o f the bound carbon  m onoxide, a 
h a e m o g lo b in -like  a bso rp tion  spec trum  was obta ined. The m o le cu le  was 
shown to be s tab le  in  presence  o f w a te r.
6.
( i i)  C oba lt
C oba lt is  best known fo r  be ing  the ce n tra l ion  in  v ita m in  where_^
i t  is  in  the (111) s ta te^^ . The c e n tra l p a r t  o f the s tru c tu re  o f the co -enzym e
fo rm  o f v ita m in  B ^^ , cobam ide , bea rs  som e resem b lence  to the iro n -
porphyrin system s. Vitamin B^^ itself, cyanocobalamin, is needed in tlie body
to fo rm  haem oglob in , and d e fic ie n c ie s  cause p e rn ic io u s  anaem ia.
C oba lt (E) com plexes a re  c a r r ie r s  o f m o le c u la r oxygen, and a lso
in  the (11) s ta te , coba lt is  assoc ia ted  w ith  lo w  s ym m e try  s ite s  in  enzym es.
The z inc  a tom s in  carboxypeptidase  have been rep laced  in  v i t r o  by
'  12coba lt, w ith  a re s u lta n t in c re a se  in  peptidase a c tiv ity  .
(iv ) N ic k e l
A s  p re v io u s ly  m en tioned, n ic k e l has s ta rted  a long the e vo lu tio n a ry  
t r a i l  tow ards becom ing  an essen tia l e lem ent, and the e ffec ts  o f in tro d u c in g  
n ic k e l compounds in to  the body have been s tud ied . The m onoxide and the 
te tra c a rb o n y l a re  among the n ic k e l compounds Imown to cause cance r, bu t 
on the o the r hand c e rta in  n ic k e l d ia ll^ ld ith io p h o s p h a te s , a long  w ith  co rre sp on d ­
in g  p la tin u m  and p a lla d iu m  com pounds, have been found to have an tica n ce r
_ _ 13 a c t iv ity  .
(v) Copper
Hum an p lasm a, o r  se ru m , is  a p p ro x im a te ly  1 8 i n copper,
1490-95% of w h ich  is  t ig h t ly  bound to an a lp h a -2 -g lo b u lin , c e ru lo p la s m in  .
T h is  is  a tru e  m e ta llo -p ro te in  and so the e igh t a tom s o f copper bound to i t  
a re  not exchangeable under p h ys io lo g ica l cond itions , e ith e r  in  v ivo  o r  in  v i t r o .
7.
F o r  th is  reason analog ies cannot be draw n between ce ru lo p la s m in  and 
t ra n s fe r r in ,  because c e ru lo p i asm in  is  no t a tra n s p o rt p ro te in  fo r  copper in  
the sam e sense as t ra n s fe r r in  func tions  fo r  iro n .
The re m a in in g  5-10% o f the copper is  m o re  lo o s e ly  bound to a lb um in . 
A lb u m in -c o p p e r is  no t a m e ta llo -p ro te in ,fo r  the copper bound to a lbum in  is  in  
e q u ilib r iu m  w ith  io n ic  copper in  so lu tion . T he re  is  evidence to suggest tha t 
copper in i t ia l ly  b inds to a lbum in  on in tro d u c tio n  in to  the b lo o d s tre a m ^^ .
C opper d e fic ien cy  has been observed in  in fan ts  re c e iv in g  on ly  m ilk ,
^and the p r im e  m a n ife s ta tio n  is  a m ic ro c y t ic ,  n o rm o ch ro m ic  anaem ia. T h is  
co nd itio n  responds to a d m in is tra tio n  o f c e ru lo p la sm in  o r  in o rg a n ic  copper. 
E xcess ive  tissue  depos its  o f copper a re  seen in  W ils o n ’ s D ise a se , w h ich  
responds to tre a tm e n t w ith  D -p e n ic illa m in e .
Known m e ta b o lic  func tions  o f copper re la te  to its  p resence  in  
ty ro s in a se , u ric a s e  and perhaps cy toch rom e  oxidase. E ry th ro c u p re in , a 
copper conta in ing  p ro te in  o f u n ce rta in  fun c tio n , occurs  in  hum an e ry th ro c y te s ,
(v i) Z in c .
A lthough  z inc  is  w id e ly  d is tr ib u te d  in  foo d s tu ffs , d e fic ien cy  has been 
r e p o r t e d ^ M a n y  ye a rs  ago z inc  d e fic ien cy  is  be lieved  to have led  to d w a rfis m  
among some c e n tra l European peoples, and d e fic ien cy  s t i l l  e x is ts  today in  
c e r ta in  p a rts  o f the w o r ld .
Z in c  he lps to c o n tro l the p h ys io lo g ica l pH by h y d ro ly s is  and is  one o f the 
constituen ts  o f enzym es such as carboxypeptidase, ca rb on ic  anhydrase and 
a lcoho l and la c ta te  dehydrogenases.
.1
8.
The aqueous so lu tio n  c h e m is try  o f thesa m e ta ls  w i l l  be d iscussed 
in  C hapte r 8.
Reasons fo r  s tudy ing  m e ta l-a m in o -a c id  com plexes.
T h e re  is  s ig n if ic a n t evidence that a m in o -a c id  com plexes a re  a f r u i t ­
fu l re s e a rc h  a rea. O f the f iv e  m a in  a reas o f cance r chem otherapy, two 
o ften  in vo lve  a m in o -a c id s . They a re  (i) the a n tim e ta b o lite  approach, w h ich  
func tions  because tum ours m is ta k e n ly  c o n s tru c t new c e lls , not fro m  m e ta b o lite s , 
bu t f ro m  a d m in is te re d  chem ica ls  w h ich  a re  v e ry  s im i la r  in  s tru c tu re  to the 
cancer c e l l ’ s usual m e ta b o lite s , and (ii)  the enzym e tre a tm e n t o f cancers
w h ich  uses g lu tam inase  and asparag inase , and rem oves an e ssen tia l m e ta b o lite
I . 17-18en ro u te  to the cancer
The o the r th ree  a reas o f cance r chem otherapy a re  (i) a lk y la tin g
agents, ( ii)  horm one the rapy and ( i i i )  s y n e rg is tic  com bina tions o f estab lished
tre a tm e n ts .
L iv in g s  tone _et_M inves tiga ted  m e ta l chelates o f D L -m e th io n in e  and
e th ion ine  and a ttr ib u te d  th e ir  a c t iv ity  to tha t o f the ligand  re n d e rin g  the
13m e ta l ions fa t-s o lu b le  and thus capable o f re a c tin g  in s id e  the c e ll .
A m in o -a c id s  have been used to d ire c t  n itro g e n  m u s ta rds  in to  cance rs , e . g . ,
phenyla lan ine  m u s ta rd  w h ich  is  used to c o n tro l m a lignan t m ye lo m a ^^ and
20B u rk e tt ’ s Lym phom a . O ver a p e r io d  o f tim e  tum our c e lls  reco gn ise  
a n ti-c a n c e r the ra p eu tica ls  and b u ild  up a re s is ta n ce  to them , b u t th is  is  
le ss  l ik e ly  to happen when p a r t  o f the d ru g  is  an a m in o -a c id  w h ich  tum our 
c e lls  re q u ire  in  o rd e r to a c tiv e ly  rep roduce . Some cance r c e lls  cannot
9.
syn thes ise  a l l  the a m in o -ac ids  syn thes ised  by n o rm a l c e lls ,  e .g . lym p h a tic  
leukaem ia  c e lls  re q u ire  an e x te rn a l sou rce  o f asparag ine . In te rc e p tin g  
and re m o v in g  th is  a m in o -a c id  fro m  the b loods tream  by tre a tm e n t w ith  
L—asparag inase is  a w e ll-kn o w n  approach to e xp lo itin g  the d iffe re n c e  be­
tween n o rm a l and cance r c e lls  and so s ta rv in g  the abnorm a l c e lls  o f an
e ssen tia l m e tab o lite . A  p a ra lle l s itu a tio n  occurs  w ith  the tre a tm e n t o f
17m yo b la s tic  leukaem ia  w ith  L -g lu ta m in a s e  . C o m p e titive  m e ta l com p lex ing
has been suggested as an a lte rn a tiv e  and poss ib ly , b e tte r  m ethod o f re m o v in g
21these a m in o -ac ids  fro m  the b lo od s tre am  .
14S arka r et a l have shown tha t besides the copper bound to 
c e ru lo p la s m in  and a lbum in , the re  is  a th ird  v e ry  s m a ll b u t p h y s io lo g ic a lly  
im p o rta n t fra c t io n  o f copper in  se rum  bound to a m in o -a c id s . T h is  w i l l  be 
d iscussed in  the next sec tion , and is  ano ther good reason  fo r  s tudy ing  a m in o - 
ac id  com plexes w ith  m e ta l ions.
The  d isco ve ry  o f te rn a ry  com plexes in  v ivo
A s  p re v io u s ly  m en tioned, copper on in tro d u c tio n  in to  the b lood­
s tre a m  appears to b ind  to a lb um in . H ow ever S a rka r e t a l d iscovered  t lia t 
lo w  m o le c u la r w e igh t ligands  ex is ted  tha t could  com pete w ith  a lbum in  fo r  the 
b in d in g  of copper io n s^^ . F u r th e r  e xpe rim en ts  revea led  tha t these ligands  
w e re  a m in o -a c id s , e sp e c ia lly  h is t id in e  and th reon ine. T h is  w o rk  led  to the
d isc o v e ry  o f the f i r s t  copper con ta in ing  te rn a ry  com p lex in  v iv o , C u(H )-
22h is tid in a te -th re o n in a te  (C u (ll) . h is . th r)  . M o re  re ce n t w o rk  has fu rn ishe d  
evidence fo r  compounds in te rm e d ia te  between the c o p p e r-a lb u m in  com p lex
10.
and the s im p le  b in a ry  species C u ( I I ) .h is t  and C u(II). t h r t  These a re  a lso
23te rn a ry  com plexes, Cu(IX). a lb u m in .h is  and C u (il) .a lb u m in , th r .  re s p e c tiv e ly  .
The a lbum in  in  these com plexes is  bound to copper through the N - te rm in a l
24a spa rta te  re s id ue  of the p ro te in  . O the r te rn a ry  com plexes d iscovered
inc lude  C u (I l) -h is tid in a te -g lu ta m in a te  (C u { l l) .h is .g in . ) and C u ( I l) -h is t id in a te -
25se rin a te  (C u (ll) . h is . s e r . ) .
B in a ry  and te rn a ry  co pp e r(11) com plexes a re  th e re fo re  Imown in  v iv o . 
The study of the the rm odynam ics  o f fo rm a tio n  fo r  the b in a ry  com plexes 
should not be an end in  i ts e lf ,  bu t the re s u lts  obtained fro m  these system s 
should be used to a s s is t in  the d e te rm in a tio n  of the rm odynam ic  p a ra m e te rs  
fo r  te rn a ry  sys tem s under the sam e cond itions , and then to p re d ic t the 
s truc tu res  o f the te rn a ry  species.
S election  o f an a m in o -a c id .
P re v io u s  stud ies on m e ta l a m in o -a c id  com p lexa tion  in  th is
la b o ra to ry  have inc luded the 3d^ m e ta l ions w ith  h is tid in a te ^ ^
26 28 29tryp tophanate  and pheny la lan ina te  , w h ile  g lu tam ina te  and se rin a te
w e re  exam ined s h o r tly  a fte r  the p re se n t w o rk  was com m enced.
E xam ina tion  of the l i te ra tu re  revea led  tha t asparag ina te  com p lexa tion
had rece ived  le ss  a tten tion  than m ig h t be expected fo r  such a b io lo g ic a lly
im p o rta n t lig a nd , and in  some cases the re s u lts  fro m  v a rio u s  w o rk e rs  d is -
30agreed. F o r  exam ple , T an fo rd  and Shore re p o rte d  a C o ( ll) .a s n ~
31 4*com p lex , bu t R itsm a  et a l detected on ly  C o (II). asn and C o (ll) .a s n g .
In  v iew  o f th is  s itu a tio n  i t  was decided to undertake an in ve s tig a tio n  o f the
com p lexa tion  of asparag ina te  w ith  the ions M n (ll) , F e ( ll) ,  Co(El), N i( l l) ,
11.
C u(n) and Z n (II). A spa ra g in a te  is  an in te re s tin g  ligand  in  tha t i t  has an am ide 
g roup  w h ich  m ay b ind  to the m e ta l ion .
The lo g ic a l extension  o f the w o rk  on b in a ry  asparag ina te  com plexes 
was to exam ine some te rn a ry  sys tem s in vo lv in g  asparag ina te  under the sam e 
cond itions . A lthough  te rn a ry  com plexes between C u (ll) , asparag ina te  and 
ano ther a m in o -a c id  have not y e t been detected in  v ivo  th is  does not m ean that 
such com plexes do not e x is t. H ow ever, the concen tra tion  of asparag ina te  in  
hum an se rum  (44)1M) is  co ns ide ra b ly  lo w e r than e ith e r h is tid in a te  (8 1 JIIM) 
o r  th reon ina te  (117/ IM )  and so te rn a ry  species such as C u (11). a s n .h is . and 
C u (ll) . asn. th r . w i l l  be fo rm e d  in  low  concen tra tions.
T h re e  sys tem s, Cu(EE). asn. t h r . , C u(11). a s n .h is . and Cu(H). h is , t h r . , 
w e re  exam ined under the sam e cond itions  as the b in a ry  sys tem s and i t  was 
hoped to be able to deduce the s tru c tu re s  o f the com plexes, bo th  fro m  the 
re s u lts  fo r  the b in a ry  system s and fro m  the Imown com p lex ing  tendencies 
o f m e ta l ion  and com peting  lig a nd s .
A spa rag ine  in  v ivo  .
The a m in o -ac id  asparag ine  is  n on -e sse n tia l in  the hum an d ie t, and 
in  the body is  produced fro m  a spa rta te , w h ich  in  tu rn  a r is e s  f ro m  tra n s ­
am in a tio n  between g lu tam a te  and oxa loace ta te .
O
OgC. CHg. CHg. CH(NHg). CO g" + "O ^C . C H ^. 6 .  CO '
g lu tam ate  oxa loace ta te
O
O g C .C H g .C H g .& .C O g " + "O gC . CHg. CH(NHg). CO^
oC “ ke to g lu ta ra te  aspa rta te
12.
(A t p h ys io lo g ica l pH, 7 .4 , a m in o -a c id s  e x is t as z w itte r io n s , and c a rb o x y lic  
ac ids a re  depro tonated, th e re fo re  i t  is  c o r re c t  to w r i te  these compounds 
as shown o ve rle a f).
F ro m  aspa rta te  the re  a re  two poss ib le  rou tes  to aspa rag ina te . In  
som e o rgan ism s i t  is  fo rm e d  by  re a c tio n  o f am m onia, aspa rta te  and A T P , 
and in  o the rs  the am ide n itro g e n  o f g lu tam ina te  is  tra n s fe rre d  to a spa rta te .
(1) "O gC . CHg. CH(NH 5 -  COg" + NH  + A T P  ------->
a spa rta te
&
asparag ina te
H NC. CH . CH(NH^). CO + in o rg a n ic  phosphate
C i 2 3 2
( i i)  "O g C .C H g .C H (N H g ).C O g" + H ^ N ^ . C H ^. CH^. CH(NHg). C O ^ "  ^
aspa rta te  g lu tam ina te
"O gC . CHg. C H g. C H (N H g). CO g" + H ^n Æ. CH^'. CH(NHg). C O ^" 
g lu tam a te  asparag ina te
A spa rag ina te  u lt im a te ly  en te rs  the c i t r ic  ac id  cyc le  in  the fo rm  of 
oxa loaceta te . The f i r s t  step is  h y d ro ly s is  by the enzym e asparag inase to 
a spa rta te  and am m onia. The re s u lta n t aspa rta te  undergoes tra nsa m ina tio n  
w ith  o<—ketog lu ta ra te  to fo rm  oxaloace ta te .
. , asparag inase  ^ ^asparaginate -^ y a r o ly s is^  aspartate +
aspa rta te  + o4—k e to g lu ta ra te ----- > g lu tam a te  + oxa loaceta te .
A lte rn a t iv e ly ,  in  p la n ts , aspa rta te  undergoes d ire c t  e lim in a tio n  o f 
am m onia  to y ie ld  fu m a ra te . T h is  re a c tio n  is  ca ta lysed by the enzyme 
aspartase , w hich is  not p re se n t in  a n im a l tissues .
13.
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The HSAB approach to m e ta l- Iig a n d  bonding.
The s treng ths  o f m e ta l- lig a n d  bonds a re  conven ien tly  sys tem atized
32-37using the theory  of H ard  and Soft A c id s  and Bases . T h is  approach 
assum es that a ll bonds between he te roa tom s m ay be cons idered  as having  an 
ac id  and a base p a r t.  T h is  a c id ity  o r  b a s ic ity  is  decided by the num ber of 
va lence  e lec trons  associa ted w ith  a species and the ease w ith  w h ich  they can 
be re a rra n g e d . P ro p e rt ie s  em ployed in  c la s s ify in g  a species as ha rd  o r  so ft, 
ac id  o r  base, a re  sum m arised  in  Tab le  1^^.
The m a in  p r in c ip le  behind HSAB theory  is  tha t s tro n g  . i 
bonds a re  fo rm e d  on ly between hard  acids and hard  bases o r  so ft acids and 
so ft bases. H a rd -s o ft bonds a re  Imown in  the so lid  s ta te  (e .g . A l^S ^), bu t 
in  so lu tion  they a re  e ith e r v e ry  weak o r  do not e x is t (e .g . A1 8 h yd ro lyse s  
to A l(O H )g in  so lu tion ).
In  p ra c tic e  i t  is  found tha t the ha rd  acid  m e ta l ions p re fe r  ligand  
donor atom s of the f i r s t  s h o rt p e r io d ,
N ^►P > A s > Sb 
0 »  S ^ S e  > Te 
F >  C l> B r >  1
On the o th e r hand, so ft ac id  m e ta l ions p re fe r  
N<g. P >  A s >  8b 
O <^8 <  8 e ^  Te
•14.
F ^ C 1  < B r  < I
Such obse rva tions no t on ly  exp la in  the d is tr ib u t io n  of m e ta ls  on the 
e a rth 's  su rface , e .g . N a(I), K ([), M g (II), Ca(U) and A1(IIX) a re  found as o re s
r?
o f ha rd  bases, such as oxides and carbonates, 'and C u (II), H g(II) and P b (tl) 
a re  found as o res  of s o ft bases such as su lph ides, bu t a lso  the d is tr ib u t io n  
o f bonds in  v ivo  w here  N a([), K (I) , Mg (El) and CaÇŒ) e x is t as aquated ca tions , 
w a te r being a ha rd  base, and the tra n s it io n  m e ta ls  show a c le a r  trend  fro m  
oxygen donors through to su lp hu r donors as hardness decreases.
The m e ta l ions under co ns ide ra tion  in  the p re se n t w o rk  a re  M n (II) , 
F e ^ ) ,  Co(H), N i(II) Cu(H) and Zn(H ). O f these, on ly  Mn(H) is  h a rd  and the 
re s t  a re  b o rd e r lin e  between h a rd  and so ft. In  v ivo  and in  v i t r o  m e ta l ions 
a re  o ften  rendered  h a rd  o r  so ft by th e ir  env ironm en t. In  ca rb on ic  anhydrase 
z in c  b inds I  >  B r  >  C l >  F , i ,  e. in  the enzyme env ironm en t (su lphur and 
n itro g e n  donors f ro m  a m in o -a c id s ) z inc  is  ac ting  as a so ft ac id . H ow ever, 
in  aqueous so lu tion  the o rd e r o f b ind ing  is  re ve rse d , i .  e. the ha rd  so lva tion  
sphere  has rendered  Z n (II) h a rd . T h is  phenomenon, w hereby h a rd  (o r soft) 
bases a re  a ttra c te d  to an ac id  w h ich  is  rendered  ha rd  (o r so ft) by i ts  e n v iro n ­
m en t, is  Im ow nas sym b io s is , w h ich  m eans, l i t e r a l ly ,  " l iv in g  toge ther fo r  
38m u tua l b e n e fit"
M e ta l ions in  b io lo g ic a l system s a re  o ften  in  a s ta te  o f suspension 
between two o x ida tion  s ta tes . The lo w e r s ta te  can be s ta b ilis e d  by a dd ition  
o f so ft ligands and the h ig h e r o x ida tion  s ta te  by h a rd  lig a nd s . H ow ever, i f  
v e ry  h a rd  o r  v e ry  so ft ligands  a re  added, the m e ta l io n  becom es anchored 
in  one o x ida tion  s ta te , and the l iv in g  p rocess  (e .g . a redox re a c tion ) does 
not o ccu r. T h is  is  an exam ple o f po ison ing  and the bes t-lm ow n  poisons a re
15.
usua lly  acids o r  bases tha t a re  so s tro n g ly  held to the a c tive  s ite s  o f an 
enzym e that the s ite s  a re  b locked o ff. Exam ples o f so ft ac id  poisons a re
r?
cadm ium  ions and m e th y lm e rc u ry , and o f soft^base poisons a re  carbon 
m onoxide, cyanide ions and su lph ide  ions.
HSAB p r in c ip le s  can be (and have been) used in  the design of 
the ra p eu tica ls  to rem ove  unwanted m e ta l ions . The e a r lie s t the rapeu tica ls  
w e re  known be fo re  HSAB bu t i t  can be seen that the donor groups and m e ta l 
ions rem oved a re  in  agreem ent w ith  HSAB p r in c ip le s .
(a) D e s fe rrio xa m in e  B (d iscovered  1960) conta ins se ve ra l oxygen donor 
a tom s and has been used to rem ove  excess F e ( ll l) .  The HSAB c la s s if ic a t io n  
o f th is  the ra p eu tica l is  h a rd .
(b) E D TA  (d iscovered  1935) has fo u r  oxygen and two n itro g e n  donor a tom s, 
and, a dm in is te re d  as Na^ [c a ED TA ] , has been used to rem ove  Co (111) and 
P b ( ll) .  The HSAB c la s s if ic a t io n  o f E D TA  is  b o rd e r lin e .
(c) D -p e n ic illa m in e  has one S, one N and one O avaitable, and rem oves 
copper in  e ith e r of its  com m on ox id a tio n  sta tes (e .g . in  W ils o n 's  .disease) 
and is  c la s s if ie d  on the so ft s ide  o f b o rd e r lin e .
(d) B A L  (B r it is h  a n t i- le w is ite ) ,  o r  2, 3 ,d im e rca p to p rop a n o l, has two 
su lp hu r atom s w h ich  help  to rem ove  a rse n ic  compounds, gold, and m e rcu ro u s  
and m e rc u r ic  m e rc u ry . I ts  HSAB c la s s if ic a t io n  is  so ft.
In  re ce n t ye a rs  HSAB p r in c ip le s  have been used in  a ss is tin g  in  the 
design o f a n ti-c a n c e r d rugs . Rosenberg has rev iew ed a la rg e  num ber o f 
P t ( l l)  and P t(IV ) com plexes w h ich  have been found to e x h ib it a n ti- tu m o u r
16.
39a c t iv ity  . The m echan ism  through w h ich  these com plexes e xh ib it th is  e ffec t
has not been f i r m ly  estab lished , bu t i t  is  thought that the s ite  o f th e ir  ac tion
is  in s id e  the cancer c e lls  a t the nuchor DNA, and tha t the com plexes
s e le c tiv e ly  in h ib it  the syn thes is  o f new DNA p o ly m e rs , b u t do no t re a c t w ith
RNA and p ro te in . The com plexes inves tiga ted  contained two c is  C l groups
and i t  is  suggested tha t these a re  lo s t to fo rm  a p u r in e -P t-p u r in e  c ro s s lin k
between n itrogens  o f ne ighbouring  p u r in e s . P la tin u m  is  one of the m e ta ls
in  the AhiTand and C hatt tr ia n g le  based on group V l l lb  o f the tra n s itio n  
40s e rie s  . A lthough  P t  is  the m o s t w id e ly  Icnown m em ber of th is  g roup  as
fa r  as p ha rm aco lo g ica l p ro p e rt ie s  a re  concerned, Rh and I r  a lso  have a
41cons ide rab le  a n ti-b a c te r ia l h is to ry  . F u rth e r, as we m ove away fro m  the
so ft e lem ents o f the tr ia n g le , i t  is  poss ib le , now that sca les o f softness
a re  ava ilab le , to ju d ic io u s ly  se le c t ligands so they s y m b io tic a lly  re n d e r
the m e ta l's  bonds to be as so ft as those o f a m em ber o f the tr ia n g le , e. g.
M o (cyc lopen tad ieny l) C l has a m e ta l w h ich  is  as so ft as P t(N H _)_C LZ Z o Z Z
and so both re a c t s im i la r ly  w ith  a m in o -ac ids  etc.
A lthough HSAB p r in c ip le  a re  use fu l in  des ign ing  the ra p eu tica ls , 
they m ust be used in  con junction  w ith  o th e r p r in c ip le s , such as s te re o ­
c h e m is try , s o lu b il ity  and p o la r is a b il i ty .
17.
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Some m e ta l ion-dependent re a c tio n s .
W h ile  k in e tic s  and s te re o c h e m is try  p lay  a la rg e  p a r t  in  b io lo g ic a l
sys tem s, the rm odynam ics a lso  has its  p lace, as is  shown by the im p o rta nce
o f adenosine triphosphate  (ATP) and the frequency w ith  w h ich  i t  takes p a r t
in  b io lo g ic a l re a c tio n s . The w id e ly -h e ld  v ie w  o f the mode o f ac tion  o f A T P ,
tha t h y d ro ly s is  o f one phosphate group p rov ides  a la rg e  am ount o f energy to
42-44d r iv e  o th e r re a c tio n s , has re ce ived  m uch d iscuss ion  in  re ce n t ye a rs  , 
bu t the p o s s ib il ity  o f c a ta ly s is  by m agnesium  ions was o m itted  fro m  the 
d iscuss ion .
A  "b re a k -th ro u g h " in  the understand ing of the ac tion  o f " a s p ir in "
45has been re p o rte d  , b u t the p oss ib le  s ig n ifican ce  o f m e ta l ion  invo lvem en t
was not cons idered  u n til re c e n tly . The understand ing o f the ro le  o f " a s p ir in "
is  tha t i t  in h ib its  the fo rm a tio n  o f p ro s tag land ins ,bu t in  1954 Schubert 
46suggested that the ro le  of "a s p ir in "  was to "re m o ve  o r  in a c tiv a te  copper 
p re se n t in  an in t ra c e llu la r  s ite " .
Sorenson"^^* d iscovered  tha t a n ti- in f la m m a to ry  agents (drugs used to 
tre a t the pa in  and jo in t  in fla m m a tio n  o f a r th r i t is )  w e re  m o re  ac tive  in  the 
fo rm  o f th e ir  copper com p lexes. " A s p ir in " ,  fo r  exam ple was 20 tim e s  as 
ac tive  in  its  copper com p lex than as the fre e  ligand  in  som e m odel sys tem s.
On the re s u lts  o f u lce rog e n ic  a c t iv ity  expe rim en ts , Sorenson 
postu la ted that unchelated in fla m m a to ry  agents rem oved copper fro m  stom ach 
tissues to fo rm  the a c tive  copper che la tes. The connective  tissue  of the 
stom ach needs copper fo r  tissu e  syn thesis and its  absence could  lead to 
u lc e ra tiv e  le s io n . He a lso  d iscovered  that the copper " a s p ir in "  com p lex
19.
was as e ffe c tive  as " a s p ir in "  a lone in  depress ing  p ro - in f la m m a to ry
47p ro s ta g la nd in  syn thes is  .
M ethods used in  the study o f m e ta l- lig a n d  com plexes.
The m ethods c u r re n tly  a va ilab le  fo r  s tudying the fo rm a tio n , e le c tro n ic  
s tru c tu re  and th re e -d im e n s io n a l s tru c tu re  o f m e ta l- lig a n d  com plexes a re  
num erous, and a b r ie f  d e s c r ip tio n  o f som e o f the m o re  im p o rta n t ones is  
g iven  below . A  lo n g e r d e s c r ip tio n  o f p o te n tio m e try  and c a lo r im e try ,  the 
two techniques used in  t i l ls  w o rk , fo llo w s  a t the end o f th is  sec tion .
S pectroscop ic  techniques
(a) M ossbauer Spectroscopy
The use o f th is  n u c le a r g a m m a -ra y  resonance spectroscopy is  
l im ite d  to species con ta in ing  the f^ F e  nucleus and to sam ples in  the s o lid  
s ta te , bu t due to the w ide  d is tr ib u t io n  o f iro n  in  b io lo g ic a l system s th is  is  
no p ro b le m  as M ossbauer has se ve ra l advantages o ve r o th e r fo rm s  o f 
resonance spectroscopy. T h e re  a re  no in te r fe r in g  s igna ls  f ro m  o th e r a tom ic  
spec ies, and the M ossbauer nucleus does not d is tu rb  the e le c tro n ic  e n v iro n ­
m en t be ing  s tud ied . H aem opro te ins , haem p ro s th e tic  g roups and iro n -s u lp h u r
48-49p ro te in s  have been stud ied  by M ossbauer , w h ich , a long w ith  e p r (see 
below) a ffo rd s  an o p p o rtu n ity  to d e te rm in e  the de ta iled  e le c tro n ic  co n fig u ra tio n s , 
a necessa ry  step tow ards the ch em ica l bas is  o f p ro te in  fu n c tio n .
(b) N u c le a r M agnetic  Resonance.
T h is  technique can be app lied  to any compound con ta in ing  a nucleus\ I
w ith  a sp in , e .g . ^ B , ^ F a n d ^ ^ P , and m o re  e sp e c ia lly  hydrogen, the
20.
s im p le s t nucleus, and the technique y ie ld s  vo lum es o f in fo rm a tio n  conce rn ing
the s tru c tu re  of any species contaimmg th is  nucleus, e .g . the su b s titu tio n
p a tte rn  of an a ro m a tic  r in g ,  w he the r a ca rb on -ca rb on  double bond is  c is  o r
tra n s  etc. B o th  com p lex m o le cu le s^^  and s im p le  m o lecu les  o f b io lo g ic a l 
51im p o rta nce  have been stud ied  by n m r.
(c) N u c le a r Q uadruple  Resonance.
F o r  a nucleus to show an n q r s igna l i t  m u s t have a n u c le a r sp in  o f
19one o r  g re a te r. The m a in  n u c le i stud ied  have been the halogens, except ^ F
59 52w h ich  has no n q r, and g '^.Co . In fo rm a tio n  concern ing  the bonding in  tra n s i­
tio n  m e ta l com plexes can be obta ined using  th is  technique.
(d) E le c tro n  param agnetic  resonance.
Ions w ith  unpa ired  e le c tron s  g ive  an ep r s ig n a l, hence i t  is  p o ss ib le  
to s tudy C u {II), F e ([II) , C o(II) and M o(V) us ing th is  technique. The 
m echan ism  o f the re a c tio n  between m olybdenum  and r ib o f la v in  was 
e luc ida ted  using ep r and its  im p o rta nce  was em phasised^^.
(e) C ry s  ta llo g r  aphy.
O f the th ree  m a in  branches o f c ry s ta llo g ra p h y , tha t us ing  X - ra y s  is
by fa r  the m ost im p o rta n t, and by com parison  the m o re  p re c is e  neu tron  and
e le c tro n  d if fra c t io n  c ry s ta llo g ra p h ie s  p la y  on ly  a m in o r  p a r t.  The e lu c id a tio n
54o f the s tru c tu re s  o f com p lex  m o le cu le s , such as v ita m in  B ^ ^  , has p layed
a g re a t p a r t  in  the advances made in  the b io lo g ic a l sc iences in  the la s t 
25-30 ye a rs .
(f) O p tica l R o ta to ry  D is p e rs io n  and C ir c u la r  D ic h ro is m .
These two techniques a re  used w ith  o p tic a lly  a c tive  com plexes, and
21.
in vo lve  a degree o f p re p a ra tiv e  d if f ic u lty .  They have been app lied  success-
55fu l ly  to com plexes o f tra n s it io n  m e ta ls  and a m in o -ac ids  , and y ie ld  in fo rm -
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a tion  conce rn ing  the co n fig u ra tio n  of the com plexes.
(g) A to m ic  E m iss io n  Spectroscopy.
L a rg e  sca le  su rveys  of m e ta l content o f so ils  and p la n t m a te r ia ls  
have been c a r r ie d  out us ing th is  technique, w here  e le c tr ic  a rc s  o r  sparks  
a re  used to produce e m iss io n  sp e c tra  o f the va rio u s  atom s in  the sam ple.
B y  lin k in g  the re a d -o u t system s to a com pute r i t  is  p oss ib le  to ob ta in  a 
p r in t -o u t  fo r  o ve r 20 e lem ents by spec tro g ra ph ic  a na lys is  o f a s m a ll sam ple  
o f d r ie d  s o il o r  p la n t m a te r ia l,  and in  th is  way d e fic ie n c ie s  o r  excesses of 
e lem ents w h ich  m ay a ffe c t the w e ll-b e in g  o f p lan ts  and an im a ls  m ay be
detected. Human tissue  s tud ies have a lso  been c a r r ie d  out us ing  th is
, , . 56technique .
(h) A to m ic  A b so rp tio n  S pectroscopy.
T h is  technique in vo lves  the abso rp tion  o f l ig h t  by fre e  atom s in  a
su itab le  vapour phase o r  atom  c e ll,  w h ich  is  produced e ith e r by a fla m e  o r
by an e le c tr ic a l ly  heated g ra p h ite  fu rna ce  o r  carbon  ro d . L ik e  a tom ic
em iss io n  spectroscopy th is  technique has been used to ana lyse m e ta ls  in
57b io lo g ic a l sam ples, and has a lso  p roved  successfu l in  fo re n s ic  sc ience .
(i) In f ra - re d  S pectroscopy.
T h is  technique re ve a ls  w h ich  donor atom s in  a ligand  a re  invo lved  
in  com p lexa tion  to a m e ta l ion , w h ich  p o te n tio m e try  and c a lo r im e try  cannot 
decide  unam biguously. F o r  exam ple , -C arlson and B ro w n ^^  used i . r .  
spectroscopy to study the d is tr ib u t io n  o f tra n s itio n  m e ta l-h is t id in a te  com plexes,
22.
and a lso  com plexes w ith  im id a z o le  and a lan ina te , us ing  d e u te riu m  oxide as 
so lven t. They w e re  able  to ass ign  a bso rp tion  w avelengths to d if fe re n t bonds 
by s tudy ing  the IR  sp e c tra  o f a s e r ie s  o f deuterated d e r iv a tiv e s  of these 
lig a nd s .
(j) U lt ra -v io le t  and v is ib le  spectroscopy.
T h is  technique re ve a ls  the e le c tro n ic  and co n fo rm a tio n a l changes 
invo lved  when com p lexa tion  takes p lace . These e xh ib it them se lves in  the 
peak he igh t and the p o s itio n  o f the peak. The technique has been used to 
ob ta in  fo rm a tio n  constants fo r  a num ber o f sys tem s, such as iro n  ( I I ) -  
phenan th ro line^^  and copper (lI)-am m o n ia^^ .
K in e tic  s tud ies.
B io ch e m ica l re a c tion s  a re  o ften  v e ry  fa s t and s p e c ific . In  in o rg a n ic  
c h e m is try  i t  is  uncom m on fo r  a ligand  to com p lex w ith  a m e ta l ion  w ith  such 
a s p e c if ic ity  as an enzym e com bines w ith  its  subs tra te .
The p ro b le m  of fa s t re a c tio n s  led  to the deve lopm ent o f s topped -flow  \
techniques and la te r  to re la x a tio n  methods such as tem pe ra tu re  and p re s s u re - 
jum p  to study b io - in o rg a n ic  re a c tio n s . The m o s t re ce n t w o rk  inc ludes 
s topped -flow  stud ies on redox  system s in vo lv in g  such m e ta l ions as Co (111), 
F e ( ll l)  and C e(IV) w ith  b io lo g ic a lly  im p o rta n t ligands such as h yd roxy  -  and 
th io -c a rb o x y lic  a c i d s I n  m any o f these re a c tion s  weak com plexes a re  
fo rm e d  p r io r  to the re d u c tio n  of the m e ta l ion and so a conventiona l 
p o te n tio m e tr ic  in ve s tig a tio n  o f the fo rm a tio n  of these com plexes is  not 
poss ib le .
23.
P o te n tio m e try .
T h is  was one o f the two m ethods used to study the m e ta l- lig a n d
system s in  the p re sen t w o rk . I t  is  a w e ll-e s ta b lis h e d  technique, and is  by
fa r  the m o s t accura te  and w id e ly  app lica b le  technique c u r re n tly  a va ila b le  fo r
the study o f io n ic  e q u ilib r ia .
M easurem ents o f the p o te n tia ls  o f galvana ic c e lls  w e re  used to
d e te rm in e  the a c t iv it ie s  o f m e ta l and hydrogen ions at the end of the la s t 
63ce n tu ry  , and w e re  em ployed in  e q u ilib r iu m  stud ies o f a num ber o f m e ta l 
and p ro to n  com plexes in  the y e a rs  lead ing  up to the f i r s t  w o r ld  war^*^.
The p o te n tio m e tr ic  m ethod has s ince  been used e x tens ive ly  in  m any b ranches 
o f so lu tio n  c h e m is try , and m any d if fe re n t k inds o f e le c trod e s  have been 
designed.
Some o f the e a r lie s t w o rk  used m e ta l e le c trod e s , in  e ith e r w ire ,
65s t ic k  o r  sheet fo rm , d ipp ing  in to  a s o lu tio n  of the sam e m e ta l ion  .
C om p lica tio ns  a rose  w ith  m u lt iv a le n t m e ta l ions, when the so lu tio n  o f m e ta l
2+ions could  be reduced to ions o f lo w e r charge . H ow ever,the  couples Cu ' /C u , 
A u^ V a u  and In ^ ^ / ln  w e re  s a tis fa c to ry  because o f the " lo w  e q u ilib r iu m  con­
stan ts  fo r  the re d u c tio n  re a c tio n s .
E q u ilib r iu m  between e le c tro d e  and so lu tio n  is  o ften  q u ic k e r i f  the 
p u re  m e ta l is  rep laced  by  an am algam , w h ich  is  conven ien tly  p repa red  by ♦ 
d is s o lv in g  the m e ta l in  pu re  m e rc u ry  o r  by e le c tro ly s in g  a s o lu tio n  o f the
m e ta l s a lt ,  us ing  a m e rc u ry  cathode. A i r  m u s t be c a re fu lly  excluded s ince
2+o x id a tio n  o ften  occurs. H a lf -c e lls  o f the type B /B -H g  have been used to 
s tudy com plexes o f a num ber o f m e ta l ions , and among the re c e n t in ve s tig a tio n s
24.
o f b io - in o rg a n ic  in te re s t is  the w o rk  o f W illia m s  on c o p p e r-h is tid in a te
1 27com plexes .
A no th e r type of e le c trod e  som etim es used is  the qu inhydrone 
e le c trod e , a p re -w a r  in ve n tio n . In  sp ite  of a num ber o f d isadvantages,such 
as decom pos ition  in  a lk a lin e  so lu tion  and re d uc tio n  by c e rta in  m e ta l ions , 
the qu inhydrone e le c trod e  has been used fo r  a num ber o f c a re fu l s tud ies of 
so lu tio n  e q u ilib r ia ^ ^ . Q uinhydrone is  an e qu im o le cu la r compound o f 
benzoquinone and hydroqu inone and in  contact w ith  an e lec trode  o f gold o r  
p la tin u m , and w ith  hydrogen ions in  a constant io n ic  m ed ium , ra p id ly  acqu ires  
a p o te n tia l. I t  m ay be m o re  p re c is e  than the g lass e le c trod e , w h ich , how ever, 
is  m o re  w id e ly  used.
The g lass e le c trod e  d e te rm ine s  the hydrogen ion  a c tiv ity  in  so lu tion , 
so that a re a c tio n  dependent upon hydrogen ions m ay be fo llo w ed  in  so lu tion . 
L igands  w h ich  com p lex  w ith  m e ta l ions a lso  assoc ia te  w ith  p ro tons  in  so lu tion , 
and so the com p lex re a c tio n , be ing  co m p e titive , is  pH dependent. The 
e le c trod e  p rocess  does not in vo lve  e le c tro n  t r a n s f e r s o  g lass e lec trodes  
can be used in  the p resence  of o x id is in g  o r  reduc ing  agents o r  o f any sub­
stance w h ich  does not a ttack  o r  adhere to the ac tive  su rface . W ith  c a re fu l 
hand ling  g lass e lec trodes  a re  easy to use and come to e q u ilib r iu m  e x tre m e ly
ra p id ly .  F o r  these reasons the g lass e lec trode  was used in  the p re se n t w o rk .
67The o r ig in a l "g la s s  c e l l"  was described  by H aber in  1909 , and was
68the sub jec t o f a re v ie w  by Hughes . The e a r lie s t re s u lts  w e re  m o s tly
69confined to m e ta l- in o rg a n ic  lig a nd  re a c tion s  and i t  was no t u n t il the 1940 's 
tha t the g lass e le c trod e  becam e w id e ly  used in  d e te rm in in g  the s ta b il ity
I
25.
constants fo r  com plexes between m e ta l ions and o rgan ic  lig a nd s . In  the e a r ly
1950's A lb e r t  and P e rk in s  used the technique to d e te rm ine  s ta b il ity  constants
70—71fo r  com plexes between m e ta l ions and a m in o -ac ids  , and s ince  then the 
range  o f m e ta l ions and ligands  has w idened eno rm ous ly . ..IThe ca lom e l e le c trod e , C l /H g  C l (s )/H g (l) is  m o s t com m on ly  f
used as a re fe re n ce  h a lf  c e ll,  s ince  co m m e rc ia l pH m e te rs  a re  designed fo r
use w ith  a c e ll co n s is tin g  o f a g lass e lec trode  and a ca lom e l e lec trode
im m e rse d  in  po tass ium  (som etim es sodium ) c h lo r id e . I t  has a lso  been used
in  con junction  w ith  m e ta l and am algam  e lec trodes . A no th e r re fe re n ce  system
is  the h a lf - c e ll A g ^ /A g  w h ich  has been used by  v a rio u s  w o rk e rs  in  m e ta l ion
72com p lexa tion  stud ies .
73O the r io n -s e n s it iv e  e lec trodes  a re  now ava ilab le  , bu t as ye t they
do not have the a p p lic a b ility , s ta b il ity  and s e n s it iv ity  o f the g lass e le c trod e .
The m ost w id e ly  used of these new e lec trodes a re  the f lu o r id e  and ca lc iu m
74e le c tro d e s , and a m in o -a c id  e lec trodes a re  now becom ing  m o re  p opu la r.
C a lo r im e try .
T h is  technique g ives , d ire c t ly ,  the entha lpy o f fo rm a tio n , i .  e. the |
si
S trength  o f a m e ta l-s u b s tra te  bond being fo rm e d  in  s o lu tio n . T oge the r,
standard |
p o te n tio m e try  and c a lo r im e try  g ive  the/G ibbs fre e  energy, ' A G ^ ,  the s tandard
e n tro p y , A  8^, and the s tandard  enthalpy, changes in vo lved  in  the
fo rm a tio n  o f a com plex.
A lthough  in o rg a n ic  ch em is ts  have a la rg e  num ber o f m ethods to 
m easure  the s ize , shape and th re e -d im e n s io n a l s tru c tu re  o f th e ir  m o lecu les
!
I
I
I
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they have la rg e ly  ignored  c a lo r im e try  as a means o f d e te rm in in g  the bond 
s tre ng th s . On the o the r hand b io che m is ts  have re a d ily  accepted c a lo r im e try ,  
w h ich , a lthough s t i l l  in  its  in fancy  is  be ing developed to such a degree of 
so p h is tica tio n  tha t i t  could tack le  the com plex e n e rg is tic s  o f m an^^.
In  gene ra l each c a lo r im e tr ic  in ve s tig a tio n  invo lves  the m a tch ing  o f 
an in s tru m e n t to the ch em ica l sys tem  and so la rg e  numbers o f c a lo r im e te rs  
a re  in  ex is tence . In  its  s im p le s t fo rm  a c a lo r im e te r  is  no m o re  than a 
re a c tio n  ve sse l, in  w h ich  known am ounts o f reagents can be m ixed , f it te d  
w ith  some device  w hereby the re s u lt in g  tem pe ra tu re  change can be m easured . 
M any types o f re a c tio n  c a lo r im e te r  have been proposed fo r  d if fe re n t purposes, 
and the p re c is io n  w ith  w h ich  the heat change can be m easured  is  dependent 
m a in ly  upon the ca re  w ith  w h ich  the c a lo r im e te r  vesse l i ts e lf ,  its  e n v iro n ­
m en t and the dev ice  fo r  m ix in g  the reagents have been designed.
T h e re  a re  two m ethods by w h ich  the reagents m ay be m ixed . In
both cases one reagen t is  a lre ad y  pos itioned  in  the c a lo r im e te r ,  and the o th e r
reagen t is  added e ith e r by b re a k in g  an am poule con ta in ing  i t ,  o r  by adding
i t  f ro m  a b u re tte . The f i r s t  m ethod is  usefu l when the second reagen t is
unstable  in  a ir ,  and the am poule can be le f t  im m e rse d  in  the c a lo r im e te r
ve sse l u n til tem pe ra tu re  e q u ilib r iu m  is  obta ined. The am poule is  then
76b roken , u sua lly  by the s t i r r e r  .
T h is  method has the d isadvantage that on ly  one a dd ition  is  p o ss ib le  
f o r  each e xpe rim en t. To repea t the expe rim en t, o r  to change the ra t io  o f 
re a c ta n ts , the apparatus m u s t be reassem b led . C onsequently, the second 
m ethod, add ition  o f reagen t f ro m  a b u re tte , is  p re fe r re d . D an ie lsson  et a l
27.
have se t up a M e tro hm  p is to n  b u re tte  to d e liv e r  t i t ra n t  th rough a g lass s p ira l,
im m e rse d  in  the c a lo r im e te r  bath, and hence in to  the c a lo r im e te r  its e lf ,
em e rg ing  through a c a p i l lo ir y  b u re tte  end be low  the su rface  o f the so lu tion  
77in  the c a lo r im e te r  . T h e ir  approach is  fo llow ed  in  the p re se n t w o rk  (see 
C hapte r 6).
7 8M any c a lo r im e te rs  a re  described  in  the l i te ra tu re  , and som e of
these in s tru m e n ts  have been used to m easure  enthalp ies o f fo rm a tio n  fo r
79com plexes of b io lo g ic a lly  im p o rta n t ligands w ith  m e ta l ions , The technique 
has m any advantages o ve r e x is tin g  b io ch e m ica l tec lm iques, one of them  being 
tha t tra n s lu ce n t so lu tion s , necessa ry  fo r  sp ec tro p ho to m e try , a re  not re q u ire d , 
B io lo g ic a l c a lo r im e try  has th e re fo re  becom e estab lished as a new and 
Im p o rta n t d is c ip lin e .
C hoice o f M ethod.
The exam ina tion  o f n a tu ra l system s produces d if f ic u lt ie s ,  such as 
in s o lu b il ity ,  a r is in g  f ro m  com plexes in vo lv in g  h igh  m o le c u la r w e igh t 
p ro te in s , so tha t a w ide  range o f techniques m ust be used. The a lte rn a tiv e  
approach is  to study co m p lexa tion  between m e ta l ions and b io c h e m ic a lly  
im p o rta n t s im p le  ligands such as a m in o -a c id s , and e x trap o la te  the re s u lts  
to app ly  to system s in  v iv o . T h is  is  the approach used by P e r r in  et a l in  
C a n be rra , w he re  la rg e  qua n titie s  o f p o te n tio m e tr ic  data on s im p le  system s 
have been co lle c ted  and com bined, us ing  com pute r m ode ls , to p roduce 
im p o rta n t b io lo g ic a l conc lus ions. T h is  approach is  used in  the p resen t 
w o rk  w here  com p lexa tion  between asparag ina te  and m anganese(II), iro n ( I I ) ,  
coba lt(H ), n ic k e l( I I) ,  coppe r(II) and z in c (II) and p ro tons is  exam ined using
■ 28.
p o te n tio m e try  and c a lo r im e try ,  and the same techniques a re  used again to 
d e te rm in e  the rm odynam ic  p a ra m e te rs  fo r  one Imown and two p oss ib le  
in  v iv o  te rn a ry  sys tem s. F o r  aqueo\3s com p lex stud ies these two techniques 
a re  the m o s t p ro d u c tive  in  te rm s  o f conclus ions y ie lded  p e r g iven  am ount o f 
data and tim e , and the a na lys is  o f the re s u lts  can be speeded up by using 
p o w e rfu l com pute r p ro g ra m s .
C H A P TE R  2. TH E  THEORY OF C O M P LE X  FO R M ATIO N
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C H A P TE R  2. TH E  THEO RY O F C O M P LE X  FO R M ATIO N
In  com m on w ith  m o s t branches o f c h e m is t iy  the study o f com p lex
fo rm a tio n  in  so lu tio n  has a s e rie s  o f m iles to ne s , rep resen ted  by the names
of s c ie n tis ts  who co n tribu ted  to the f ie ld .
W e m e r was the founde r o f m odern  c o -o rd in a tio n  c h e m is try , and
h is  paper on the s te re o c h e m is try  o f c o m p le x e s in s p ir e d  B bd lande r^^
82and N . B je r ru m  , e a r ly  w o rk e rs  in  so lu tion  c h e m is try  s tudy ing
co p p e r(II)-h a lid e  and c h ro m iu m  (H I)-th iocyana te  com plexes re s p e c tiv e ly .
The next b ig  advances w e re  the acceptance o f the constant io n ic  m ed ium
m ethod and the w o rk  o f J. B je r ru m ^ ^  and Schw arzenbach^^ on the stepw ise
fo rm a tio n  o f com p lexes, w h ich  was fo llow ed  by the w o rk  o f Leden^^ on
ca dm ium (H )-ha lide  com plexes, the th e o re tica l w o rk  o f the R osso ttis
and the im p o rta n t c o n tr ib u tio n  by  S il l en, both  in  the m easurem en t o f m e ta l
io n  h y d ro ly s is  constants and in  the p ro du c tio n  o f com pu te r p ro g ram s.
D e fin it io n  o f fo rm a tio n  constant.
C o n s ide r the fo rm a tio n  of a com p lex A  B H , w he re  A  denotesp q r
the lig a nd , B the m e ta l io n , H p ro tons  and p ,q  and r  a re  in d ices  denoting 
the num ber o f lig a nd s , m e ta l ions and p ro tons re s p e c tiv e ly  in  the com p lex .
In  aqueous so lu tion  the com p lex  w i l l  be associated w ith  a num be r o f w a te r 
m o lecu les  and the fo rm a tio n  o f the com p lex can be re p resen ted  by the 
fo llo w in g  equation ;
pA (H gO )^ + qB(H ^O )^ + r H ( H ^ O ) ^ ^  A ^B ^H ^(H ^O )^ + (pw + qx + r y  -  0 ) H^O (1)
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In  p ra c tic e  the a c t iv ity  of fre e  w a te r is  assum ed constant, and
equal to u n ity , and the w a te r o f h yd ra tio n  is  o m itted  fro m  equations.
Hence pA + qB + rH  A  B H (2)^ p q r  '  '
The va lues o f p ,q  and r  a re  in te g e rs , p o s itiv e  o r  z e ro  fo r  p and q, 
b u t r  m ay be nega tive  when h yd ro lysed  species a re  fo rm e d . When the 
a c tiv it ie s  o f the species p re sen t a re  cons ide red , the e q u ilib r ia  p re sen t 
a re  definab le  in  te rm s  o f a the rm odynam ic fo rm a tio n  constant :
(A B H )
R p a r  =
(A)P(B)‘^(H)
oO [A  B  H i  f A B H
V IaIVCbKhT ■
f  is  the a c tiv ity  c o e ffic ie n t, cu rved  b ra cke ts  re fe r  to a c t iv it ie s  and 
square  b ra cke ts  to concen tra tions .
I f  the a c tiv it ie s  o f a l l  species a re  held constant, an a lte rn a tiv e , 
bu t re la te d , fo rm a tio n  constant can be defined in  te rm s  o f the m o la r  
concen tra tions :
Q  p V B . H l
A  th ird  constant o ccas iona lly  encountered in  the l i te ra tu re  is  the 
m ixed  constant, so ca lle d  because som e te rm s  a re  concen tra tions  and o th e r 
te rm s  (usua lly  on ly the hydrogen ion) a re  a c tiv it ie s .
These s im p le  d e fin it io n s  a re  not s im p le  to app ly in  p ra c tic e  and
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m any p ro b le m s a r is e . The use of equation (4) is  lim ite d  to sys tem s (a) 
w h e re  the re s u lts  can be ex trapo la ted  to ze ro  io n ic  s tre ng th , o r  (b) 
w h e re  the a c t iv ity  co e ffic ie n ts  can be ca lcu la ted . When the re  a re  num erous 
s tepw ise  species (b) becom es d if f ic u lt .
Equation  (5) is  used fre q u e n tly  b u t the the rm odynam ics  o f the 
sys tem  can on ly  be com pared to o th e r system s w ith  a s im i la r  io n ic  back­
ground, A c t iv ity  co e ffic ie n ts  m ay be he ld  constant by use o f a so lu tio n  o f 
s u ff ic ie n tly  h igh  io n ic  background s a lt  such tha t ion  p a ir  e ffec ts  a re  constant. 
T h is  can be achieved by  us ing  a sa lt w h ich  conta ins ions hav ing  no tendencies 
to com p lex  -with the species be ing  inves tiga ted . The usua l cho ice  is  
sod ium  p e rc h lo ra te , l ith iu m  p e rc h lo ra te  o r  po tass ium  n it ra te .
In  m o n ito r in g  the re a c tio n  by p o te n tio m e try  use is  made o f the 
88N e rn s t equation : -
E = E® + R T ln[(A)P(B)^(H)^]
Z F  (A B H ) \ ^ P q  r  V
f o r  the re a c tio n  pA  + qB + rH  4 ' A  B  H . ^ p  q r
T h is  c a lls  fo r  a d e fin it io n  o f u n it a c t iv ity  ( i. e, the s tandard  state) 
fo r  the species p re se n t. F o r  the g lass e le c trod e  ; -
E = E °  + R T  ln(H ) (7)
Z F
The choice  o f a s tandard  s ta te  is  u sua lly  a rb it r a r y  and re la te d  to 
the se le c tio n  o f a s tandard  so lven t (usua lly  w a te r).
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I f  the re  is  a c e ll
X  , CIO,
A g ,A g X  +
and the standard  so lven t is  w a te r , then
E = E -  R T  In  aq
w he re  In  f  = A.z z / T  -  b l ,  z^ and z be ing  the charges on
1 + y r
88ca tion  and anion, and A  and b be ing constants (Davies equation ).
,oThen E aq
as
l im i t  (E + ^ l n  x“ )
(8)
T h is  im p lie s  :
l im i t  f  = 1
as TO T
W here = i  ^ C .  Z . =
and w he re  f  is  the m ean a c t iv ity  c o e ff ic ie n t, as defined above.
I f  the standard  s ta te  is  chosen as a so lven t w ith  defined com postion .
then
E = E °  „  -  R T  1i i [h 3  M  -  2R T In  f ' '  NaX —  I- - i L  -I _
®NaX = +M Lln£H ’3 [x - j)
F
as > 0
and [ N a 3 [ x ‘ ] - ^ C . ^ Q . j ,
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U n s  im p lie s
l im i t  = 1 , w here  is  the m ean a c t iv ity  c o e ffic ie n t,
as [ h 3 [ c 1 0 ^ —> 0  
and [ N a 3 [ x ' J - 4
Hence the obta ined re s u lts  m ay be extrapo la ted  to the standard  
89so lven t, b u t B ie de rm a n n  has shown th is  to be unnecessary, as long as,
in  3M N aC lO ^, the sum of the concen tra tions of the ions in  the re a c tio n
A  4- B ^  AB  does no t exceed 150mM then the e r r o r  in  a p o te n tio m e tr ic
+..reading does not exceed -  0. Im V . T h is  la t te r  approach is  used in  the 
p re se n t w o rk .
The G ibbs fre e  energy o f the re a c tio n  is  d ire c t ly  obta inab le  fro m
88the s ta b il ity  constant, acco rd ing  to the re a c tio n  is o th e rm
A G °  = -  R T ln B  (10)r  p q r '  '
w here  A G ^  is  the G ibbs s tandard  fre e  energy w ith  3. COM sodium  p e rc h lo ra te
as the standard  so lve n t. F u r th e r  the rm odynam ic p a ra m e te rs  can be
obta ined by d e te rm in in g  ^  a t d if fe re n t tem pe ra tu res  and then us ing  the
v a n 't  H o ff re a c tio n  iso ch o re
^/  P
P1 Ah^ f 1 1 \In te g ra tin g : - I n  —  = -  -  J (12)
W here  s u b s c r ip t 1 re fe rs  to the lo w e r tem pe ra tu re  and s u b s c r ip t 2
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re fe rs  to the h ig h e r te m p e ra tu re .
The use of the above equation assum es tha t A h ^  does no t v a ry  w ith
90te m p e ra tu re , b u t Iz a t t  e t a l have observed  tha t th is  is  o ften  no t the case ,
so the m ethod is  u n re lia b le . D esp ite  th is , the m ethod is  s t i l l  used
occasionally where no calorim eter is  available to measure A  directly.
The enthalpy o f fo rm a tio n  can be obta ined d ire c t ly  by c a lo r im e try ,
88and then by using the G ib b s -H e lm h o ltz  equation
A .G °  = A.H° -  T  As° (13)
the va lues fo r  the en tropy o f re a c tio n  m ay be ca lcu la ted . The enthalpy 
change is  re la te d  to the d iffe re n c e  between the bond and so lva tio n  energ ies  
o f the p roduc ts  and bond and so lva tio n  energ ies of the re a c ta n ts , w hereas 
the en tropy change is  re la te d  to the change in  random ness w h ich  accom ­
pan ies the re a c tio n .
In flu e nce  o f the m ed ium  on the rm odynam ic  q ua n titie s .
H ie  re la tio n s h ip  between the q ua n titie s  obta ined in  3. OOM N aC lO ^ 
and the quan tities  A  G ^, A h°  and A r e fe r r in g  to the m o re  usua l 
s tandard  s ta te , p u re  w a te r , is  w o rth y  o f co n s id e ra tio n  to com pare  re s u lts  
f o r  the sam e re a c tio n  in  d if fe re n t m ed ia . The the rm odynam ics  of 
c a d m iu m (Il) -h a lid e  and -a ce ta te  com plexes have been s tud ied  a t v a rio u s  
Ion ic  s treng ths  and i t  was found tha t the the rm odynam ic  q ua n titie s  
a re  on ly  s lig h t ly  a ffected  by changes o f I  in  the range 0. 30M  to 3. OOM.
The heat o f io n iz a tio n  o f w a te r , A .H °  , has a lso  been m easured  a t v a r io u s  
io n ic  s treng ths  , and th is  q ua n tity  v a r ie s  l in e a r ly  w ith  I  in  the range
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a h ” a g “
kJ mo l ” '' 58.5 79-8
35. 5 78 0
0. 50M to 3. OOM, A  how eve r, passes through a a m in im u m  a t I  0. 50M 
w h ich  is  due to a sharp  in c re a s e .in  the A  8^ te rm  up to 0. 50M. T h is
m in im u m  has been noted by D yrsse n  et a l fo r  se ve ra l o th e r sys tem s 94
F ig u re  1, V a r ia t io n  o f A G ^ ,  A H ^  and A s  w ith  Iw w w
A S J mol” '' K
78
01 0 7 10 1-2 17. 4 - 6917
c :
B e fo re  going on to co n s id e r the s ig n ifican ce  o f the the rm odynam ic
q u a n titie s , i t  m ig h t be a p p ro p ria te  to com pare  advantages and disadvantages
o f va rio u s  io n ic  s tre ng th s  and w o rk in g  tem pe ra tu res .
F a c to rs  a ffe c tin g  cho ice  o f ten ipe i-a iu re  and io n ic  background.
E xam ina tion  o f the l i te ra tu r e  re ve a ls  a w id e  range o f io n ic  •
95-96s treng ths  and w o rld n g  te m p e ra tu re s  . H ow ever, a v a s t q uan tity  o f
data has been assem bled a t a te m p e ra tu re  o f 25 and in  an io n ic  background
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o f 0 ,10  o r  0 .15M , u su a lly  potassium , n it ra te .  O the r w o rk e rs , such as the 
S i l lé i  schoo l, p re fe r  to use m uch h ig h e r concen tra tions o f io n ic  back­
ground, such as 3. OOM sodium  p e rc h lo ra te . The P e r r in  schoo l, on the
o 97o th e r hand w o rks  a t 37 and 0 .15M K N O „ , and uses an a c t iv ityo
c o e ff ic ie n t o f 0 .78  ins tead  o f 1. 00. T lie  p re se n t w o rk  fo llo w s  the S ille n  
schoo l, and p re v iou s  w o rk  in  th is  la b o ra to ry , in  w o rld n g  a t 25^ in  a b a ck - 
g ro im d 3. OOM in  (sodium ) p e rc h lo ra te . The disadvantages o f 25° and 3. OOM, 
and 37° and 0 . 15M a re  su m m a rise d  be low ^^ .
25° and 3. OOM is  f a r  rem oved  fro m  b io lo g ic a l b lood  p lasm a  
cond itions  and any tra c e  im p u r it ie s  in  the sodium  p e rc h lo ra te  a re  em phasised 
a t 3. OOM, w here  som e io n -p a ir in g  e ffec ts  m ay s t i l l  o ccu r. A ls o , w o rld n g  
a t 25° in c re ase s  the ligand  p K s , and w h ile  those o f a m in o -a c id s  can s t i l l  
be m easured , those of o th e r ligands  m ay l ie  ou ts ide  the range  o f g lass 
e le c trod e s .
A lthough  37° and 0 .15M co rresponds  v e ry  c lo s e ly  to b lood  p lasm a  
co nd itio n s , one im m e d ia te  d raw back o f w o rk in g  a t 37° is  tha t v o lu m e tr ic  
g la ssw are  is  c a lib ra te d  fo r  use a t 20° (o r 25°) and re c a lib ra t io n  m u s t be 
c a r r ie d  out i f  the w o rk  is  going to take p lace  a t h ig h e r te m p e ra tu re s .
The t it ra t io n  assem b ly  needs to be the rm os ta tted  a t 37°, o th e r­
w is e  condensation appears on the c o o le r p a r ts  o f the sys tem  and an 
e le c tro th e rm a l e ffe c t is  se t up in  the e lec trodes  w h ich  m ay re s u lt  in  e r ro rs  
o f a few  m il l iv o l ts  in  e. m . f .  read ings . The tub ing lin k in g  the b u re tte  to the
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t i t ra t io n  vesse l m u s t a lso  be a t 37° to m in im is e  te m p e ra tu re  f lu c tu a tio n s . 
Io n -re sp o n s ive  e lec trodes  a re  le ss  s tab le  a t h ig h e r tem pe ra tu res  and the 
ra te  o f h y d ro ly s is  o f peptides is  in c reased . The a c tiv ity  c o e ff ic ie n t is  
a lte re d  i f  the ion  co nce n tra tio n  changes by m o re  than 8m M  in  the back­
ground o f 0 . 15M. F in a lly ,  the S illm i school re p o rts  m any m e ta l ion  
h y d ro ly s is  constants a t 25° in  3. OOM sodium  p e rc h lo ra te ^ ^ , bu t v e ry  few  
have been stud ied a t 37° and 0 .15M so p re lim in a ry  ion  h y d ro ly s is  s tud ies 
m ay be necessary  b e fo re  m e ta l- lig a n d  in te ra c tio n s  can be exam ined.
The s ig n ifica n ce  of the the rm odynam ic  q ua n tities . 
a) E ntha lpy o f fo rm a tio n .
C om plex fo rm a tio n  is  favou red  by negative  heat changes. E ntha lpy
99changes, w h ich  a re  independent o f the co m pos ition  as a w ho le  , in  
aqueous so lu tio n  a re  the heat changes w h ich  accom pany the re p lacem en t 
o f w a te r by o the r lig a nd s . Heat changes of the o rd e r o f -  40kJ m o l~ ^ 
a re  a ttr ib u te d  to the fo rm a tio n  o f, e s s e n tia lly  cova len t bonds. The change 
in  s tandard  enthalpy, AH °, can be cons ide red  to co n s is t o f tvm p a r ts , the 
in te rn a l p a r t  A H ^  and the env iron m e n ta l p a r t  A h ^ .  The f i r s t  of these 
can be cons ide red  to be the heat change fo r  the fo llo w in g  re a c tio n :-
To evaluate / i H j  B  is  necessa ry  to d e te rm ine  the heats of 
h yd ra tio n  o f the lig a nd , the m e ta l ion , the p ro to n  and the com p lex , as 
shovm o v e r le a f.
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pA (H gO )^ + qB(HgO)^ + r l l ( H g O ) ^ ^ + (PW + QX + r y -  b )(H 2 0 ).2 'x
A  B H + (pw + qx + ry ) (H „0 )
pA (H  O) + qB + rH  + (qx + ry ) (H  O)
pA (H  0)^^+ qB(H _0) + rH , .+ ry (H .O )
F ig u re  2. D e te rm in a tio n  o f in te rn a l p a r t  o f A h ^ .
A ^B ^H ^ , A h ^ ,B ,  A  and A .H ^ , H a re  the heats o f h yd ra tio n  o f
A  B H ,B ,A  and H re s p e c tiv e ly , p q r
A  is  then g iven  by H ess ’ Law .
A  H j=  A H °  + p A H j^ , A  + qA .H ^ , B + H -  A  H ^ .A  B  H (15)
and the e nv iron m e n ta l p a r t  is  g iven  by
A H j , =  A h ° - A H j  (16)
The heats o f h y d ra tio n  fo r  se ve ra l m e ta l ions have been re p o rte d  
b u t va lues fo r  heats o f h y d ra tio n  fo r  ligands  and com plexes a re  m uch m o re  
d if f ic u l t  to d e te rm in e . V a lues fo r  ligands  can be de te rm ine d  fro m  
the rm odynam ic  c yc le s , w h ich  in vo lve  d iss o lv in g  the lig a nd  in  ac id  so lu tion .
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U n fo rtu n a te ly  an e xpe rim en ta l va lue  o f the e le c tro n  a ff in ity  o f the ligand  
is  re q u ire d ^^^ , and few  va lues e x is t. A t  the p re sen t t im e  the re  is  no 
s a tis fa c to ry  m ethod fo r  eva lua tion  o f com plex ion  heats o f h yd ra tio n : 
how ever va lues can be ca lcu la ted  using the B o rn  charg ing  e q u a t io n ^ ^ \-
W here  Z e = p ro d u c t o f charge  on ion  and e le c tro n ic  charge
' R = ra d iu s  o f c e n tra l ion  p lus d ia m e te r o f w a te r m o lecu le  
 ^ (in  nm)
D = d ie le c tr ic  constant o f m ed ium
T  -  te m p e ra tu re , K .
The va lues obtained fro m  equation (17) should be cons ide red  on ly  
a pp rox im a te , bu t can g ive  a guide to trends along a s e r ie s  o f m e ta l ions o r  
o f s im i la r  ligands.
(b) E n tro p y  o f fo rm a tio n .
The change in  en tropy on com p lexa tion  o f the lig a nd  is  v e ry  
dependent upon the lig a nd . I f  the ligand  has no charge , the so lven t w i l l  be 
less  o rde red  around the com p lex  then the m e ta l ion , bu t i f  the ligand  
c a r r ie s  a charge , then on com p lex ing  the re  w i l l  be a decrease  in  the num ber 
o f io n s , n e u tra lis a tio n  o f the e le c tr ic a l charge , a ttenua tion  of the re m a in in g  
charge  and d isp lacem en t o f the w a te r f ro m  the h y d ra tio n  sphere  o f the 
re a c ta n ts . F o r  a che la ting  lig a nd  fu r th e r  fa c to rs , such as lo s s  o f con­
f ig u ra tio n a l en tropy , m u s t be taken in to  account. R eactions a re  favoured
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by an in c re ase  in  en tropy, and so the fa c to rs  fa vo u rin g  com p lexa tion  a re  a 
decrease  in  d ie num ber o f io n s , n e u tra lis a tio n  o f the charge  and a less  
o rd e re d  so lvent. Those fa c to rs  in li ib it in g  com p lex fo rm a tio n  a re  the loss  
o f tra n s la tio n a l en tropy to v ib ra t io n a l and ro ta tio n a l en tropy and the loss  
o f ro ta t io n a l en tropy in  p o lya to m ic  ligands . F o r m o s t com p lex  fo rm a tio n  
re a c tio n s , how ever, the lig a tio n a l en tropy charges a re  p o s itiv e ^  
c) G ibbs fre e  energy.
The G ibbs fre e  energy is  a c r i te r io n  fo r  the the rm odynam ic  
fe a s ib il i ty  o f a re a c tio n , and A G ^  m u s t be negative i f  the re a c tio n  is  to 
p roceed . I ts  dependence on the enthalpy and entropy is  shown in  equation (13) 
and so a re a c tio n  is  p oss ib le  w ith  e ith e r un favourab le  en tropy o r  unfavourab le  
-enthalpy as long  as the favo u ra b le  v a r ia b le  p redom ina tes .
o oT ab le  2. Dependence o f A G  upon A S  and A H
C om plex -A .G ^(kJm ol )^ A H °(k Jm ol )^ A  S®(JK"^mol
(CaOOCH)'^ 8 .11 4 .17 4 1 .8
(CaOOCCHg)"^ 7 .07 3 .76 37 .6
(CaSO^)'^ 19.20 19.66 129.6
(MgOOCH)^ 8 .11 —7.50 4 .2
(MgOOCCHg)'*’ 7 .07 -6 .2 7 4 .2  ^
(CaClOj"^ 10.87 -4 9 .3 5 -1 2 9 .6
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I t  can be seen tha t a negative  A g ^  is  no t enough to d esc ribe  a 
re a c tio n , and A h ^  and A s *^  a re  va luab le  p a ram e te is to  de te rm ine .
M ethods of ca lcu la tio n .
In  the co n s id e ra tio n  o f the fo rm a tio n  o f the com p lex  A  B Hp q r
(equations (1) and (2)), the G ibbs fre e  energy change is  g iven  by equation (10).
i . e .  A G ^  = -  2 . 303RTlog gM p q r
Hence A G ^  is  obta ined d ire c t ly  fro m  lo iow ledge o f the fo rm a tio n
constant. In  th is  study the fo rm a tio n  constants w e re  obta ined by the n o rm a l
m ethod o f fo llo w in g  the hydrogen io n  concen tra tion  d u r in g  a t i t ra t io n  o f the
re a c ta n ts  A  and B . F o r  in i t ia l  ca lcu la tio n s , the fu n c tio n  Z (som etim es n),
86defined as the average num ber o f.ligands  bound to each c e n tra l g roup  , was p lo tte d  
aga ins t -  lo g  a, w he re  a is  the f re e  ligand  co nce n tra tio n , p roduc ing  a 
" fo rm a tio n  c u rv e " . T h is  tre a tm e n t o f data is  on ly use fu l f o r  m ononuclea r 
com p lexes, as fo r  p o lyn u c le a r com plexes (in c lud ing  p ro tona ted  and 
hyd roxy  species) the fu n c tio n  Z has l i t t le  s ig n ifican ce . M a th e m a tic a lly  
Z is  defined a s :-
N
_ M  + 2 [a  b]  + . . . ,
v 8)
Ç
P ra c t ic a l ly  Z can be de te rm ined  fro m  lo iow ledge o f the to ta l 
concen tra tions A , B and H in  so lu tio n , the va lues o f the fo rm a tio n  constant 
f o r  any species A H ^ and the f re e  hydrogen io n  conce n tra tio n  h,
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„  ~ Bound lig a nd  concen tra tionF ro m  (18), Z =---------------- ^ ------------;—  ------T o ta l m e ta l concen tra tion
Bound lig a nd  conce n tra tio n  = T o ta l lig a n d  -  (free  ligand  + p ro tona ted  ligand )
N - 
= A -  (a + X I )
1
N
= A  -  a ( l  . (19)
The fre e  ligand  co nce n tra tio n , a, is  d e rived  fro m  a m ass-ba lance  equation:
N
H = h "  w k  n [Â H J
N
= hr -  w k  + }  an ^ ^ h ^
H — h + w k
i - e .  a =  ----------------  (20)
Hence Z can be obta ined fro m  (19) and (20). _
The tra n s fo rm a tio n  o f p lo ts  o f Z aga inst -  lo g  a in to  fo rm a tio n
constants by g ra p h ica l means has been e x tens ive ly  rev iew ed  by R osso tti 
86and R o sso tti . The m ethods used in  th is  study w e re  n u m e r ic a l,  em p loy ing  
h igh  speed d ig ita l com pu te rs . The a im  was to rep roduce  the e xpe rim en ta l 
Z , -  log  a cu rve  using  constants obta ined fro m  the com pu te r p ro g ra m s .
The change in  entha lpy, Z \ h ^ , was m easured d ire c t ly  by 
c a lo r im e try . The co ncen tra tions  o f the species in  the c a lo r im e te r  w e re  
de te rm ined  by using the com p u te r p ro g ra m  H A L T A F A L L ^ ^ ^ , and changes 
in  concen tra tions toge the r w ith  the necessary  c o rre c tio n s  fo r  heats of
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fo rm a tio n  of w a te r , o f dep ro tona tion  and h y d ro ly s is , w e re  ca lcu la ted  using 
RW C ALC R D  (see next chap te r).
T h is  tre a tm e n t y ie ld s  e xp e rim e n ta l p a ra m e te rs , heat evolved and 
change in  conce n tra tio n  o f species under study, f ro m  w h ich  the change in  
enthalpy can be ca lcu la ted  n u m e r ic a lly  o r  g ra p h ic a lly . A  p lo t o f heat 
evolved p e r m o le  o f m e ta l io n  aga ins t the degree of fo rm a tio n , Z , w i l l  
y ie ld  a t Z -  1, a t Z  = 2 e tc. , f o r  s im p le  sys tem s w ith  w e ll
separa ted heats. A  8^ can now be ca lcu la ted  f ro m  equation (13).
C H A P T E R  3. C O M P U TA TIO N A L ASPECTS 
CONTENTS
The C om pute r and C h e m is try  Page 44
The C a lcu la tio n  of F o rm a tio n  C onstants by C om pute r Page 45
L E T A G R O P V R ID  Page 46
SCOGS Page 47
M IN IQ U A D  Page 49
SCOGS o r  LETA G R O P  7 Page 50
C om p ariso n  between SCOGS and M IN IQ U A D  Page 51
O the r C om pute r P ro g ra m s .
H A L T A F A L L  Page 54
RW CALCR D Page 54
R W Z P LO T  Page 56
R W C O M P LT Page 56
In te rp re ta tio n  o f Data us ing  the C o m p u te r Page 57
44-
C H A P T E R  3. C O M P U T A T IO N A L ASPECTS
The com pute r and c h e m is try .
W ith  the advent o f the co m p u te r, the c h e m is t’ s approach to
n u m e ric a l p ro b le m s  has been re v o lu tio n is e d . C ry s ta llo g ra p h y  was the
f i r s t  b ra nch  o f c h e m is try  to b e n e fit f ro m  the use o f the com p u te r m o re  
105than 20 y e a rs  ago , as the type o f c a lc u la tio n  in vo lved , though reasonab ly  
s tra ig h tfo rw a rd , was boü i long  and ted ious. Perhaps the b ig g e s t s tr id e s  
taken in  c h e m is try , us ing  a co m p u te r, have been in  the f ie ld  o f quantum 
m echan ics. The la rg e  s to rage  space and the speed a t w h ich  ca lcu la tio n s  
can be p e rfo rm e d  in  the la te s t gene ra tion  of com pute rs  have enabled 
quantum  chem is ts  to tac lde  h ith e r to  im p o s s ib le  ca lcu la tio n s .
C om pute rs a re  e x te n s ive ly  used in  a n a ly tic a l c h e m is try ^ ^ ^  fo r  
p ro cess in g  data obta ined by  p h ys ica l m ethods. L ib ra r ie s  o f in fo rm a tio n  
can be se t up fo r  ch rom a tog raphy ,m ass  s p e c tro m e try , n m r and chem ica l 
l i te ra tu re .  P ro g ra m s  e x is t f o r  phase e q u i l i b r i a ^ n m r ^ ^ ^ ,  e s r^ ^ ^  and 
c a lo r im e try ^ ^ ^ ,  w he re  t r ia l  p a ra m e te rs  a re  used to p roduce  s im u la ted  
d is tr ib u t io n  cu rve s , sp e c tra  and the rm og ra m s re s p e c tiv e ly . G enera l 
cu rve  ana lys is  is  a lso  em ployed in  spectroscopy and e le c tro a n a ly tic a l 
c h e m is try .
A n o th e r a rea  o f c h e m is try  to fe e l the im p a c t o f the com p u te r is  the 
ca lcu la tio n  o f fo rm a tio n  constants by v a rio u s  n u m e ric a l m ethods. These 
com puta tions have been the su b jec t of a num ber of r e v i e w s a n d  
have aroused a g re a t deal o f in te re s t in  so lu tio n  c h e m is try  in  re ce n t y e a rs .
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The ca lcu la tio n  o f fo rm a tio n  constants by com pute r.
M any p ro g ra m s , o f v a ry in g  co m p le x ity , have been w r it te n  to
d e te rm in e  fo rm a tio n  constants , and the type of p ro g ra m  chosen depends
on se ve ra l fa c to rs . F o r  s im p le  sys tem s, A ^B  o r  A H ^ ,  n o n -s ta t is t ic a l
112p ro g ra m s  w i l l  su ffice  , a lthough i f  the constants ove rlap  a lin e a r
le a s t-sq u a re s  technique is  m o re  app licab le . F o r  m o re  com p lica ted
, sys tem s, w he re  p o ly n u c le a r, h yd ro lysed  o r  p ro tonated  species a re  l ik e ly
to be p resen t, a m o re  g en e ra l n o n - lin e a r le a s t-sq u a re s  p ro g ra m  m u s t be
used. The a v a ila b il ity  o f a h igh-speed d ig ita l com pute r w ith  a la rg e
s to rage  capac ity  is  a c r i te r io n  fo r  the use o f the la t te r  type o f p ro g ra m .
A s the p re se n t w o rk  inc luded  a search  fo r  p ro tonated  and hyd ro lyse d
b in a ry  spec ies, and te rn a ry  spec ies , a gene ra l p ro g ra m  was re q u ire d  to
113ca lcu la te  the s ta b il ity  constants . Two such p ro g ra m s , SCOGS , and
LETAG R O P V R ID ^^^  have been described  in  the l i te ra tu r e ,  and a
117-th ird  p ro g ra m , M IN IQ U AD  , has re c e n tly  been made a va ilab le .
A  FO RTRAN v e rs io n  o f L E T A G R O P , LG V R ID , was s to re d  on the St. A nd rew s 
IB M  360/44 com pute r a long w ith  ve rs io n s  o f SCOGS and M IN IQ U A D .
M o s t o f the p re se n t w o rk  used SCOGS, because i ts  m echan ics w e re  
le ss  com p lex than those o f the o th e r p ro g ra m s , bu t com parisons  between 
the re s u lts  obtained fro m  the d if fe re n t p ro g ra m s  have been m ade.
SCOGS, LETAG R O P  and M IN IQ U A D  a ll  depend upon T a y lo r ’ s 
s e r ie s , a m a th e m a tica l m ethod of exp ress ing  a func tion  in  te rm s  of its  
d e r iv a tiv e s .
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I f  y  = f(k ^ ; a^) w h e re  r  = 1 to M , (1)
w he re  y  is  a m easured  q uan tity ,
a^ = v a r ia b le , b u t a ccu ra te ly  Imown, q u a n titie s ,
k  = unknown constants , r
then T a y lo r ’ s s e rie s  g ives the fo llo w in g  e xp ress io n :-  
M /  \ „  \  r  M
U
w here  U is  the e r r o r  square  su m :- 
M  M  M
u= L  ^  V f1 1 1 ^
The ’ ’bes t’ ’ va lues a re  those w h ich  m in im is e  ( li is  sum , i . e .  U .o
A t  th is  p o in t the p rg ra m s  beg in  to d if fe r  in  r ig o u r ,
LETA G R O P V H ID .
In  th is  p ro g ra m  equation (2) is  the equation o f a ’ ’p i t "  w ith  
m in im u m  p o in t U ^ . The va lues o f k^  a re  in c re m e n te d  to g ive  not on ly the 
m in im u m  p o in t, but a lso  a map of the su rro u nd in gs . The fu n c tio n  y  is  Z 
and so the quan tity  m in im is e d  is : -
^  -  -  2
E quation  (2) re p re se n ts  a g ene ra lised  e llip s o id  in  (M  + 1) 
d im ens iona l space. A  m easu re  o f the spread  o f data around is  enclosed 
in  the "D  boundary"
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w here  n is  the num ber o f e xp e rim e n ta l p o in ts , and as n in  
gene ra l: -
(5)U = Uq + . j j -  
n
The D boundary is  aga in  a gene ra lised  e llip s o id , b u t th is  tim e  in  
M  d im ens iona l space w ith  the le a s t squares p o in t, a t i ts  ce n tre . The 
"s ta n d a rd  d e v ia tio n " can be ca lcu la ted  fro m  the D boundary because i t  is  
Id e n tic a l w ith  the range of va lues each k^ can assum e on the boundary. 
The VPJD b lo c k  was added to overcom e  the p ro b le m  o f a "ske w  p it "  w h ich  
a r is e s  fro m  c o r re la t io n  o f s h ifts  and causes in c o r re c t  convergence. The 
s h ifts  a re  a lte re d  by a " tw is t  m a tr ix "  so tha t they a re  m ade a long the 
axes o f the skew p it  ra th e r  than the co -o rd in a te  axes.
SCOGS.
T h is  is  a m o re  gene ra l p ro g ra m  than LETAG R O P V R ID  when 
app lied  to s ta b il ity  constant w o rk , because i t  can deal w ith  up to tw enty
/  tcom plexes o f the type A  A  ,B B . F o r  the ith  com p lex  th is  leads to ap p q q* r  ^
s ta b il ity  cons ta n t:-
= | a  .A  , .B  .B  , .H  1 
Pj _ ' - - I  ' l  "I V  (6)
n p. p'. q. (/. r
o r  C^ = p .. a . a! .b  . t i  .h   ^ (7)
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T lie re  is  p ro v is io n  fo r  use of tlPe^,aolivity c o e ff ic ie n t o f the 
113hydrogen io n  , hence SCOGS can g ive  m ixed  constants.
F o r  N com plexes
N
A = Ç  (a + P jp jC . ) (8)
1
N
T
N
B = L  (b + q, B c ) (10)1 J * J J
B ^ =  Z i  (b ’  + q ’ B , C )  (11)1 J I J 1
1 1  1 1  I f  a, a , b and b w e re  Imown, A , A  , B and B w ould  be the
e xpe rim en ta l va lues , b u t as they a re  no t known le t
f(a ) = -  A  (equal to ze ro  fo r  tru e  va lues o f a, a ^ ,b  and b^)
"  "^ expt - + C  Pj P jGj) (12)
and s im i la r ly ,
N.f(a‘ ) = A* - (a* + L. P'= P (13)
1" B |P i 9  <“ >
N
= A xp t
V alues o f a, a ^ ,b  and b^ (and hence C y  equation (7)) a re  now
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obta ined by a New ton-R aphson ite ra t iv e  p ro ced u re . T h is  m in im is e s  
fun c tio ns  (12-15) by ca lc u la tin g  sh ifts  that w i l l  s im u ltaneous ly  m in im is e  
a l l  fo u r  fun c tio ns . P ro g re s s in g  through each p o in t, le a s t squares equations 
a re  b u i l t  up and so lved by m a tr ix  in v e rs io n , to y ie ld  s h ifts  in  constants. 
These s h ifts  a re  obta ined f ro m  T a y lo r 's  s e r ie s , bu t u n like  the p it-m a p p in g  
p ro ce d u re  on ly  f i r s t - o r d e r  te rm s  a re  used. The q uan ti(y m in im is e d  is : -
u  = f  ( T i t r e ^ p t  -  (3.S)
The ca lcu la ted  t i t r e  is  obtained fro m  the c u rre n t se t o f constants 
and the e xp e rim e n ta l va lue  of the hydrogen ion  concen tra tion .
The o r ig in a l SCOGS has been amended som ew hat^^^ ^ 2 0  ^ m a in ly
in  in p u t and output. The . in p u t now deals w ith  any t i t ra n t  and the output
co n s is ts  o f se ve ra l ca lcu la ted  functions such as Z . A  v a r ia n t  o f SCOGS,
121GSCOGS, accom m odates up to th ree  io n -s e n s it iv e  e lec trodes 
M IN IQ U A D .
T h is  is  the la te s t p ro g ra m  to be developed fo r  ca lc u la tin g  fo rm a tio n  
cons tan ts . C om pared w ith  SCOGS the p ro g ra m  v a r ie s  se ts  o f ^  (ra th e r 
than lo g p  ), m in im is e s  the sum s o f the squares in  a n a ly tic a l concen tra tions  
ra th e r  than t i t r e  vo lu m es , can handle s e ve ra l, ra th e r  than th re e , e lec trodes 
s im u lta n e o u s ly , and approaches the le a s t squares m in im a  us ing  the F le tc h e r 
and P o w e ll s teepest descent m ethod .ra the r than a Jacobean m a tr ix .
L e t  th e re  be n k  p a ra m e te rs  (fo rm a tio n  constants) o f w h ich  n 
a re  to be d e te rm ine d . F o r  each o f x  reac tan ts  there  is  a m ass-ba lance
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e qu a tion ;- ^
T  = C r  a C (16)
i  j  ^
w he re  T. is  the to ta l co nce n tra tio n  of re a c ta n t i ,  C. is  the con- 1 1
c e n tra tio n  o f f re e  (uncom plexed) re a c ta n t, and is  the co nce n tra tio n  o f 
the com p lex  j  as shown b y :-
C . = D .T , C, Jj  I j  k  k
The ind ices  q a re  the s to ic h e io m e tr ic  c o e ffic ie n ts  o f the re a c tio n s .
j
T h e re  a re  x  m ass-ba lance  equations a t each p o in t, and the sum  o f squa res , U , 
to be m in im is e d  is  g iven  a s :-
u  = ÿ  f  ( A t /  (3 .M )
1  ^ 1 '
Thus U is  the sum o f squared re s id u a ls  f o r  a ll the m ass-ba lance
equations. These re s id u a ls  a re  analysed upon convergence to see how
n e a r ly  they fo llo w  a n o rm a l d is tr ib u t io n . The f in a l output a lso  inc ludes a
com p le te  species d is tr ib u t io n  a n a lys is .
B e ing  a new p ro g ra m , M IN IQ U A D  has been le ss  e x te n s ive ly  tested
w ith  e xpe rim en ta l data than e ith e r  SCOGS o r  LE TA G R O P .
SCOGS o r  LE TA G R O P ?
A lthough  both  the G aussian and " p i t  m app ing" approaches have
been in  use fo r  se ve ra l y e a rs , no conc lus ions have been reached as to
w h ich  m eü iod  is  "b e s t" .  N a tu ra lly  the S ille n  school fa vo u rs  "p it-m a p p in g "
122and P e r r in  fa v o u rs  G aussian, b u t Tobias , who could  be assum ed to be
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If' 4-
unbiased, as he has used both m ethods, p re fe rs  G aussian. F u r th e r
c r i te r ia  a re  m a the m a tica l r ig o u r ,  a b i l i ty  to define  d i f f ic u l t  system s and
avoidance o f fa ls e  m in im a , b u t e xp e rim e n ta l p a ra m e te rs  m u s t u lt im a te ly
be rep roduced  fro m  Üie obta ined constants . LETAG R O P was devised as
114a "supp lem en t to g ra p h ic a l m e thods" , b u t s ince  1962 i t  has becom e a 
m ethod in  i ts  own r ig h t .  SCOGS was conceived as a n u m e r ic a l m ethod, 
and i f  used c o r re c t ly  should be the fa s te r  m e tliod . H ow ever the a pp lica tions  
o f LETAG R O P extend fa r  beyond p o te n tio m e try .
C om parison  between SCOGS and M IN IQ U A D . ^
A  co m parison  betw^een SCOGS and LETAG R O P has been made 
p r e v io u s l y ^ a s  M IN IQ U AD  w as used in  th is  w o rk  in  p lace  o f LE T A G R O P , 
a co m parison  between constants p roduced fro m  data in  SCOGS and 
M IN IQ U AD  was m ade, 
a) P ro to n a tio n  o f th re o n in a te .
The data w e re  obta ined fro m  the p o te n tio m e tr ie  in v e s tig a tio n  o f 
the p ro to n a tio n  o f the th reo n in a te  anion ; the co lle c tio n  o f the data is  
d iscussed in  C hapte r 7. The e xp e rim e n ta l read ings o f t i t r e  and e. m . f .  
w e re  used in  the two p ro g ra m s  to d e te rm in e  constants f o r  the fo llo w in g  
e q u ilib r ia :-
H*^ + a ”  HA K  [h a I
r?
■ Ch 3 C a -]
H + HA ^  H^A K' 2 a2
The re s u lts  a re  g iven  in  T ab le  3.
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T ab le  3. P ro to n a tio ii o f th reon ina te
SCOGS M IN IQ U A D
p K  9 .3 4 8 -0 .0 0 6  9 .3 5 9 -0 .0 0 6
^1
p K  2 .577  i  0 .004  2 .5 7 9 -0 .0 0 4
^2
The two p ro g ra m s  th e re fo re  g ive  cons is ten t re s u lts  fo r  th is  data.
(b) D im é r is a tio n  o f aceta te .
The data w e re  obta ined f ro m  the p o te n tio m e tr ic  in ve s tiga tio n - of
123the d im é r is a tio n  o f the aceta te  anion . The fo llo w in g  a re  the e q u ilib r ia  
in vo lved  and the pub lished  re s u lts .
H + A ^ H A  , log  p  = 6 .965
H + 2 A ^  HA , lo g
2 H + 2 A f= ^  HgAg , lo g  p  gg= 13. 396
These re s u lts  w e re  obta ined by both  g ra p h ica l m ethods and 
LE T A G R O P . They w e re  a lso  g iven  by M IN I QUAD, b u t no convergence 
could  be obta ined in  SCOGS desp ite  using  a v a r ie ty  o f va lues  fo r  the inpu t 
constants . C onvergence was obta ined when on ly  two constants w e re  used, 
bu t the s tandard  dev ia tio n  was so la rg e  that the re s u lts  w e re  m ean ing less .
T h is  la c k  o f convergence was exam ined m o re  c lo s e ly  by using  a 
s im u la ted  se t o f data obta ined fro m  H A L T A F A L L . T h is  data was designed 
so tha t a m e ta l- lig a n d  in te ra c t io n  was exam ined, as in  SCOGS' o r ig in a l
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conception , and two constants w e re  a rranged  to l ie  c lose  toge the r.
(c) S im ula ted Data.
The hypo the tica l sys tem  cons is ted  o f f iv e  e q u ilib r ia ,  in c lu d in g  the 
th reon ina te  e q u ilib r ia  shown in  (a). The o th e r th ree  e q u ilib r ia  w e re
A  + A B  lo g  p  ^ = 6. 965
2A + B  ^  AgB  log  p  g = 7 .046
3A + B  AgB lo g  B =13.396
N ine  e xpe rim en ts  w e re  s im u la ted  g iv in g  a to ta l o f 99 read ings .
The in i t ia l  m e ta l and lig a n d  concen tra tions  w e re  as shown in  Tab le  4.
F o r  a l l  s im u la ted  t it ra t io n s  the in i t ia l  m in e ra l ac id  co nce n tra tio n  
was equal to the m e ta l co nce n tra tio n , the in i t ia l  vo lum e  was 25. 0 m l,
Tab le  4 S im ula ted data fo r  tes ting  SCOGS
In i t ia l  m e ta l In i t ia l  lig a n d
co nce n tra tio n  (mM) co nce n tra tio n  (mM)
2 0 .0 4 0 .0
2 0 .0 20 .0
20 .0 10 .0
10 .0 30. 0
10 .0 20 .0
10 .0 10 .0
5 .0 25 .0
5 .0 15 .0
5 .0 5 .0
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the t i t r a n t  was sodium  h yd rox id e  (40. 0 m M ), and each a dd itio n  was of
2. 0 m l s tepw ise  up to a to ta l o f 20. 0 m l.  r?
C onvergence was unobta inable  us ing  SCOGS dem on s tra ting  that 
the p ro g ra m  is  suspect when fo rm a tio n  constants l ie  c lose  toge the r.
H ie r e fo re , when dea ling  w ith  such sys tem s, such as D -  and L  -  a m in o - 
a c id s , SCOGS should not be used.
O the r C om pute r P ro g ra m s .
D u rin g  the course  of the p re se n t w o rk , use was m ade o f o th e r 
com p u te r p ro g ra m s  and a b r ie f  d e s c r ip tio n  o f these is  g iven  be low . 
H A L T A F A L L .
T h is  p ro g ra m  has p re v io u s ly  been used fo r  p re d ic t in g  con-
124ce n tra tio ns  o f species f ro m  fo rm a tio n  constants in  th is  la b o ra to ry
R ecently  the e x is tin g  p ro g ra m  has been m o d ifie d , and a p lo tte r  ro u tin e
added to enable graphs o f s im u la ted  Z ve rsu s  s im u la ted  - lo g  a to be 
125draw n  . C om parisons between e xp e rim e n ta l data and th e o re tic a l data 
obtained by using the e x p e rim e n ta lly  de te rm ined  constants can now be made, 
RW CALCRD.
T h is  was o r ig in a l ly  R W C A LC O R ,^^^  w h ich  had th ree  v e rs io n s , 
com pressed  in to  one v e rs io n  w ith  th ree  options and w ith  the in p u t tid ie d  
up. F ro m  an in p u t co n s is tin g  o f the concen tra tions  of the com plexes under 
s tudy, obta ined e ith e r  f ro m  SCOGS o r H A L T A F A L L , and the hea t o f fo r m ­
a tion  of w a te r , th is  p ro g ra m  ca lcu la te s  the change in  conce n tra tio n  of each 
species and heat c o rre c tio n s  fo r  fo rm a tio n  of w a te r , p ro to n a tio n  and
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h y d ro ly s is . Up to 20 com plexes of type w here  p , q, and r  a re
p o s itiv e  o r  ze ro , bu t r  can a lso  be nega tive , can be handled. The p ro g ra m
can be used to d e te rm ine  heats of p ro to n a tio n , heats o f h y d ro ly s is  and
heats o f fo rm a tio n  o f A  B  H s im u lta ne o us ly , bu t b e tte r use o f the p ro g ra mp q r
in vo lves  ob ta in ing  va lues of the heat o f fo rm a tio n  o f A H  and B H (w herer  q r
r  is  negative) f ro m  separa te  expe rim en ts  and these va lues should then be 
used to ca lcu la te  c o rre c tio n s  fo r  e xpe rim en ts  to ob ta in  the heats of 
fo rm a tio n  o f the m o re  com p lex  A ^B ^H ^  species. The output, p e rtin e n t 
to the ca lcu la tio n  of heats o f fo rm a tio n , is  the c o rre c te d  e xp e rim e n ta l 
heat, Q, associated w ith  the fo rm a tio n  o f x  com plexes, and the changes 
in  concen tra tions , n^ o f these com plexes. F o r  the N th p o in t : -
'  —  1w h e re  Q  is  m easured in  jo u le s , A  H is  in  J m o l and A n  is  in  m o l. N X X
F o r  X com p lexes , x  va lues o f N a re  needed to so lve  fo r  the 
heats o f fo rm a tio n  b u t m o re  va lues than th is  a re  d e te rm ined  e x p e rim e n ta lly , 
and then the fo llo w in g  " le a s t-s q u a re s "  m ethod can be used.
Suppose tha t the "b e s t"  heats a re  A n j^ ,  A h ^ , A .H ^  e tc.
l .e. t ( A / . A n ^ ) j , - Q j ^ = 0
Then le t  F  =^ y  r  N -  E  ( A / .
The "bes t!'va lues  o f the heats a re  obta ined by m in im is in g  the fu n c t io n .-
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r?
T h e re  w i l l  be a fu n c tio n  o f t l i is  type w h ich  can be so lved as 
s im u ltaneous equations to g ive  va lues of A h ^  w h ich  a re  the "b e s t"  
constants fo r  the se t o f e xpe rim en ta l re s u lts  1 to M .
A  program R W SO LV^^^ was available to calculate A  in this 
manner and was added on to the end of RW CALCRD to facilitate speedy 
calculation.
R W ZP LO T.
T h is  p ro g ra m  was o r ig in a l ly  ca lle d  RW ZASCOG and ca lcu la ted  the
e xp e rim e n ta l Z and -  lo g  a fo r  e ve ry  p o in t, us ing the sam e in p u t data as
SCOGS. A  p lo tte r  ro u tin e  was added to i t  in  1972, and a s im p le  v e rs io n
o f the p ro g ra m , w ith o u t a p lo tte r  ro u tin e , is  in  use in  the undergraduate
126teach ing la b o ra to r ie s  in  th is  d epa rtm en t 
R W C O M PLT.
127T h is  p ro g ra m , the v e rs io n  o f COMICS m ounted on the com p u te r 
in  St. A nd re w s , ca lcu la te s  e q u ilib r iu m  concen tra tio ns  o f a l l  species in  
m u lt i. - l ig a n d -m u lt i-m e ta l sys tem s, us ing as inpu t data the pH o f the 
so lu tion , the to ta l co ncen tra tions  o f each m e ta l ion  and lig a nd  and the 
lo g a r ith m  -. o f the fo rm a tio n  constant fo r  each com p lex. M ixe d  lig a n d , 
h yd ro lyse d , p ro tonated  and p o ly n u c le a r species can be handled and the 
p ro g ra m  l im it s  a re  ten m e ta l io n s , ten lig a n d s , 100 fo rm a tio n  constants 
and 50 pH va lues . The in p u t has been m o d ifie d  f ro m  the pub lished  v e rs io n
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as has the output w h ich  now has th ree  p lo tte r  ro u tine s  a v a ila b le . 
In te rp re ta t io n  of data us ing  the com pute r.
A lthough  co ns ide ra b le  advantages can be a sc rib ed  to the use o f a 
com pu te r, p it fa l ls  e x is t. A  degree of knowledge of com pu te r languages is  
necessary  to avoid  s im p le  tim e -co n su m in g  e r ro rs  such as fo rm a t e r ro rs .  
T h e re  should be good access to the co m p u te r, in  o rd e r to be able  to take 
advantage of the p e r ip h e ra l fa c i l i t ie s  and so evade unnecessary d u p lic a tio n  
o f ca rd  punching etc. The use o f t r ia l  p a ra m e te r p ro g ra m s  such as SCOGS 
and LETAG R O P  is  a technique in  i ts  own r ig h t  and m u s t be m a s te red . The 
usua l c r i te r io n  in  th is  type o f p ro g ra m  is  tha t the se t o f constants g iv in g  
the s m a lle s t s tandard  dev ia tio n  is  the "b e s t"  set o f constants to d e sc rib e  
the e xpe rim en ta l data, b u t th is  m u s t no t be im posed too r ig o ro u s ly  as i t  is  
p oss ib le  to obta in  a constant w h ich  desc ribe s  a c h e m ic a lly  nonsensica l 
species, o r  a constant w h ich  g ives concen tra tions  of a species w h ich  has no 
p h y s ic a l s ig n ifica n ce . A  Imowledge o f the p ro g ra m  com bined w ith  a degree 
o f ch em ica l in tu it io n  and lo iow ledge can g ive  m ean ing fu l re s u lts ,  a lthough 
the re co g n itio n  of p o o r re s u lts  is  equa lly  as im p o rta n t as the in te rp re ta tio n  
o f good re s u lts . E d itin g  o f re s u lts  should be confined to p ru n in g  re s u lts  
fro m  areas of lo w  e xp e rim e n ta l accu racy , e .g . e .m . f .  read ings below  
pH2 w here  a g lass e le c tro d e  becom es u n re lia b le .
To ch em is ts  the co m p u te r has becom e as im p o rta n t a too l as som e 
spec troscop ic  techniques. The speed of ca lcu la tio n  and the use o f i te ra t iv e  
p rocedu res  a re  use fu l and re le v a n t to ch em ica l c a lc u la tio n s , and the
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presence  o f a co m p u te r, though no t abso lu te ly  necessa ry , c e r ta in ly  he lps .
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C H A P TE R  4. E X P E R IM E N T A L  TECHNIQUES
P o te n tio m e try  and c a lo r im e try  w e re  c a rr ie d  out in  sp ec ia l vesse ls  
(see C hapters 5 and 6) us ing  so lu tions p repa red  and analysed by the m ethods 
ou tlined  be low .
W a te r.
A l l  the w a te r used was d e -ion ise d  by passage through an "E lg a s ta t"
(a sulphonated p o lys ty re n e  ion-exchange re s in ), then b o ile d  and cooled 
under an a tm osphere  o f o xyge n -fre e  n itro g e n . The r e s is t iv i ty  o f the 
w a te r was then b e tte r  than 2 M X lc m  
Sodium p e rc h lo ra te .
T h is  substance, the in e r t  background s a lt, conta ined heavy m e ta l 
ions w h ich  fo rm  com plexes w ith  the ligands being used, so lead ing  to e r ro rs  
in  s ta b il ity  constant m easurem en t by as m uch as 1%. P u r if ic a t io n  o f the 
s a lt  was achieved by the fo llo w in g  m e tho d ;- Solutions o f sod ium  p e rc h lo ra te  
w e re  made by e ith e r d is s o lv in g  the m onohydra te  (M erck " P u r is s "  o r  
B . D. H. AnalaR ) in  w a te r , o r  by n e u tra lis in g p e rc h lo r ic  ac id  (F isons A , R. ) 
w ith  sodium  carbonate  (F isons A . R. ). The so lu tion  7. 5M) was then 
m ade a lka lin e  (pH 9-10) by add ition  o f sodium  h yd rox ide  (B. D. H. A na laR ), 
and a llow ed  to stand fo r  a t le a s t seven days. S ilica , heavy m e ta l ox ides
and hydrox ides  p re c ip ita te d  d u ring  th is  tim e  and w e re  rem oved  by f i l t r a t io n  
through m ic ro p o re  f i l t e r s  (5000 nm and 450 nm hole  d ia m e te r -M ill ip o re  L td . ) .  
C arbon d iox ide  was then rem oved by  m ak ing  the so lu tion  a c id ic^bo iling  and 
then coo ling  under n itro g e n . F ro m  th is  p o in t e ith e r c ry s ta ls  o f NaC lO ^ 
w e re  made o r  a standard  so lu tion  was p repa red  and analysed.
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(a) P re p a ra tio n  o f c ry s ta ls ; -  T lie  so lu tio n  was ad justed to n e u tra lity  w ith  
sod ium  h yd rox ide  (B. D. H. A na laR ) and heated in  an evapo ra ting  bas in  to 
140^C, A f te r  coo ling  to 105^C the re s u lta n t s lu r r y  was f i l te re d  through a 
s in te re d  glass fum ie l (p o ro s ity  3) and the c ry s ta ls  o f sod ium  p e rc h lo ra te  
w e re  d rie d  in  an oven a t 105^C.
(b) P re p a ra tio n  of a s o lu tio n ;-  A f te r  b o ilin g  and coo ling  the so lu tion
was made n e u tra l and analysed by ca tion  e x c h a n g e a n d  fla m e
, , , (128b)pho tom e try
P e rc h lo r ic  ac id .
17
C oncentra ted p e rc h lo r ic  ac id  (60-62% w /v ,  F isons  A . R. ) was
d ilu ted  to m ake a s tock so lu tio n  o f jca 3M . T liis  so lu tio n  was analysed
by t it ra t io n  aga inst sod ium  ca rbonate (b rom othym ol b lue  as in d ic a to r)
and checked w ith  sod ium  h yd ro x id e  so lu tion .
Sodium h yd rox id e .
1. COM and 0. lOOM so lu tions  w e re  obtained fro m  am poules (BDH
concentra ted  v o lu m e tr ic  so lu tions) and th e ir  m o la r it ie s  w e re  checked
fl28d^aga ins t s tandard  ac id  s o lu tio n  and potass ium  hydrogen phtha là te
(F isons A . R.
M e ta l io n  so lu tions .
M e ta l p e rc h lo ra te s  (G. F . S m ith , C hem ica l C o .) w e re  d isso lved  
in  p e rc h lo r ic  ac id  to p re ve n t h y d ro ly s is , a llow ed to stand fo r  se ve ra l days, 
f i l te re d  through m ic ro p o re s  and analysed as fo llow s-.-
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Z in c  (II) Q uinaldinate^^^^^^ and E D TA  (e rio ch ro m e  b la c k  T  as Ind ica te
C opper(II) E lectrodeposition^^^^^^^ and io d o m e try ^ ^ ^ ^ ^ \
N ic k e l( II)  E lec trodepos ition^^^^^^ and E D TA  (m urex ide  as ind ica to i)^^^^^^\
n  281')C o ba lt(II) E le c tro d e p o s itio n  and E D TA  (xy leno l o range as .
indicatoi)(^ ^^ ""\
M anganese(II) A m m on ium  p h o s p h a t e a n d  E D TA  (e r io c h ro m e  b la ck  
T  as in d ic a to r)
Iro n ( II)  C o m m e rc ia l iro n ( I I)  p e rc h lo ra te  was fo im d to con ta in  up to 4%
iro n ( I I I ) ,  hence iro n (H ) p e rc h lo ra te  was p repa red  by d is s o lv in g  iro n  sponge 
(Jo lm son-M atthey C hem ica ls  "S pecpu re ") in  standard  p e rc h lo r ic  a c id ^ ^ ^ ^ \ 
The so lu tion  was analysed by o x ida tion  w ith  po tass ium  d ich ro m a te  (ba rium  
d iphenyl am ine sulphonate as in d ic a to r)   ^ and the re s u lts  obta ined
agreed w ith  the w e ig h t o f ir o n  d isso lved . The so lu tion  was s tab le  in  absence 
o f oxygen, bu t ox id ised  to Fe(H I) w ith in  24 hou rs  upon a d d itio n  o f the io n ic  
background.
The hydrogen  ion  co nce n tra tio n  in  these so lu tio n s , w h ich  was 
a pp ro x im a te ly  equal to the m e ta l io n  co nce n tra tio n , was obta ined by means 
o f G ra n  p lo ts  
E D TA .
The d is  od ium  s a lt  o f e th y le n e d ia m in e te tra -a c e tic  a c id  is  
a va ila b le  as a p r im a ry  s tandard , hence so lu tions  of th is  substance could  
be p re pa re d  by  d ire c t  w e igh ing  .
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L igands .
L -a s p a ra g in e , L -g lu ta m in e , L - th re o n in e  (B. D. H. B io c h e m ic a l ^  
G rade) and L -h is t id in e  (K o ch -L ig h t) w e re  d r ie d  and analysed.
(a) L -a s p a ra g in e . H^O (m .p . 233 -235^0 , l i t .  235°C)
Found 0 ,3 1 ,9 ;  H ,7 .0 ;  N ,1 8 . 5%. O re q u ire s  0 ,3 2 . 0;
H ,6 .7 ;  N ,1 8 .7 % .
(b) L -g lu ta m in e . (m .p . 183 -185^0 ; l i t .  185-186°C (decom p.))
F o u n d :-  0 ,1 4 .  0; H , 6. 8; N , 19. 2%. C re q u ire s  0 ,4 1 .1 ;
H ,6 .9 ;  N ,1 9 .2 % .
(c) L - th re o n in e  (m .p . 250^0 ; l i t .  251-253^0)
F o u n d :-  0 ,4 0 .  3; H , 7. 6; N , 11. 7%. O^H NO^ re q u ire s  0 ,4 0 .3 ;  
H ,7 .6 ;  N , l l .  8%.
(d) L -h is t id in e  (m .p . 285 -286^0 ; l i t .  287^0 (decom p.))
F o u n d :-  0 ,4 6 .2 ;  H , 6. 0; N , 27. 2%. O^H^N re q u ire s  0 ,4 6 .4 ;
H ,5 . 8 ;N ,27 .1% .
These ligands  w e re  used w ith o u t fu r th e r  p u r if ic a t io n .
N itro g e n .
O xyge n -fre e  n itro g e n  (B r it is h  Oxygen) was fu r th e r  de-oxygenated 
by passage through ch rom iLun (H )ch lo ride  and then "sc ru b b e d " in  3. OOM 
sodium  p e rc h lo ra te , a l l  so lu tion s  be ing  the rm os tatted  a t 25^0 .
V o lu m e tr ic  appara tus.
V o lu m e tr ic  appara tus (E -m il G reen  L in e , M . J. E ll io t )  was 
p rov ided  w ith  c a lib ra tio n  c e r t if ic a te s . Severa l c a lib ra tio n s  w e re  checked, 
b u t a ll w e re  found to agree w ith  the c e r t if ic a te s . The appara tus was
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c a lib ra te d  a t 20^C hence a l l  so lu tions  w e re  the rm os tatted a t th is  te m p e ra tu re  
b e fo re  use. ^
A l l  appara tus was cleaned re g u la r ly  w ith  "Q uad ra lene " (Quadralene 
C hem ica l P roduc ts ) and a lco h o lic  po tass ium  hyd rox ide . B e fo re  use 
appara tus was washed w ith  d e m in e ra lise d  w a te r , "E lg a s ta t"  w a te r , a lcoho l 
and anaesthetic  e th e r, and then d rie d  by suction .
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C H A P TE R  5. P O T E N T IO M E T R Y
D e s c r ip tio n  o f appara tus
P o te n tio m e tr ic  m easurem en ts  w e re  c a r r ie d  out a t 25. 0°C in  an 
io n ic  backgound o f 3. OOM (sodiun^ p e rc H o ra te . The hydrogen io n  con­
c e n tra tio n  was fo llow ed  by using  a c e ll o f the type
Hg, H ggC l^ I sa tu ra te d  N aC l ] te s t s o lu tio n ] g lass e le c tro d e ,
A  sodium  c h lo r id e  ra th e r  than po tass ium  c h lo r id e  s a lt  b r id g e  was 
em ployed because po tass ium  ions fo rm  in so lu b le  po tass ium  p e rc h lo ra te  in  
the porous p lug  o f the ca lo m e l e le c trod e .
The two types o f e le c trod e  used w e re  g lass (A c tiv io n  17SB) and 
ca lo m e l (A c tiv io n  RCB) toge the r w ith  a d ig ita l pH m e te r (R ad iom e te r 
-Copenhagen P H M  52), w h ich  gave e .m . i .  read ings re p ro d u c ib le  to 0, Im V . 
The doub le -w a lle d  p o te n tio m e tr ic  vesse l (P ye -Ingo ld  No 604;
in n e r w a ll p y re x  g la ss , o u te r w a ll p la s tic )  was o f about 100m l capac ity
+ oand th e rm o 8tatted  by w a te r  a t a te m p e ra tu re  o f 25 .0  -  0 .1  C . The ve sse l 
was closed by a p la s tic  co ve r tlirough  w h ich  the e le c tro d e s , the bu re tte ; 
tube and the n itro g e n  in le t  w e re  in s e rte d  in to  the so lu tion . The t i t r a n t  
was added fro m  a 10m l p is to n  b u re tte  (M e trohm  E274); the o u tle t o f the 
c a p illa ry  end of the b u re tte  was be low  the su rface  of the so lu tio n  in  the 
ve sse l. The t i t r a n t  was added in  p o rtio n s  o f 0 .2m l and the e. m . f .  was 
m easured  a fte r  each add itio n  (up to 50 p o in ts  p e r t it ra t io n ) .  Rapid m ix in g  
o f the so lu tion  was achieved by m agne tic  s t i r r in g ,  us ing  a P T F E  fo llo w e r .
t opiston
burette
gl ass 
electrode
ru bber /
se g Is
reaction
vessel
niirogen
I
calomel electrode
'-3^  water out
magnetic follower
water
from
thermostat 
b oth.
"igure 3. Potent iometr ic  Vessel.
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C a lib ra tio n  o f the e le c trod e  p a ir .
The e le c trod e  p a ir  was c a lib ra te d  to respond to hydrogen ions by 
a t i t r im e t r ic  p ro ced u re . The e .m . f .  of the c e ll in  use is  g iven  b y :-
r?
1 . e.
E = E + R T ln h  + E .
Z F  ^
E = E ° + 59.162 lo g  h + E . (mV) a t 25°C
w here  E is  the e .m . f .  as m easured  on the v o ltm e te r ,  
oE is  a constan t,
E^ is  d ie e le c tro d e  ju n c tio n  p o te n tia l w h ich  a r is e s  because
of the use of ions of d if fe r in g  m o b ilit ie s  on e ith e r s ide  o f the liq u id  ju n c tion ;
i .  e. p e rc h lo ra te , hydrogen o r  h y d ro x y l ions in  the tes t so lu tio n , and c h lo r id e
ions in  the e le c tro ly te  in  the ca lo m e l e le c trod e . B ie de rm a n n  and S ille n
have m easured E^ in  3, OOM (Na)C lO ^ and have found i t  to be a fun c tio n
I 3 lo f hydrogen in  conce n tra tio n  . F o r  h < 300m M , E . = -0 . 016h and fo r, ^
h >  300m M , E j = -0 .0 1 6 h  -  0. 004(h-300).
I f  E^ is  constant, a p lo t of E ve rsu s  - lo g  h  ought to p roduce  a
s tra ig h t lin e  hav ing  s lope = -  5 9 .162m V (-log  h)
In  the c a lib ra tio n  t i t ra t io n  p e rc h lo r ic  ac id  (24. 97m l o f co nce n tra tio n
7. 250mM) in  the ve sse l was t it ra te d  w ith  sodium  h yd ro x id e  (500. OmM)
fro m  an "A g la "  s y r in g e , bo th  so lu tion s  be ing  3. OOM in  (Na)C lO ^. V a lues
132o f - lo g  h >  7 w e re  ca lcu la ted  using  a va lue  fo r  - lo g  = 14 .21  . A s
can be seen fro m  f ig u re  4 the E ve rsu s  - lo g  h p lo t is  l in e a r  in  the ranges 
- lo g  h  = 1. 7 -  3. 5 and 10. 0 -  12. 0.
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Figure 4 Electrode Calibration Curve.
The d ev ia tio n  f ro m  l in e a r ity  in  the in te rm e d ia te  range  is  due to 
unbu ffe red  so lu tions  be ing  a ffected  by the b o ro s il ic a te  ions in  the g lass o f 
the e le c trod e s , and has been observed  p re v io u s ly  by W ill ia m s  and W ill ia m s  
A  lin e a r  p lo t p a ra lle l to the unbu ffe red  lin e ,  in  the in te rm e d ia te  range^was 
obta ined using b u ffe rs  o f pH = 4. 00, 6. 86, 7 .42  and 9 .1 8 , and th e re fo re  
w as constant o ve r the e n tire  range - lo g  h = 2. 0 -  12. 0.
A  va lue  of E °  fo r  the e le c trod e  p a ir  was obta ined by e x tra p o la tio n  
o f the lin e a r  p o r tio n  o f the unbuffe red  cu rve  to m ee t the E a x is . The E ^ 
va lue  was checked us ing  a s tandard  ac id  so lu tio n  b e fo re  and a fte r  each 
subsequent m e ta l ligand  t it ra t io n .  T h is  va lue  was found to v a ry  s lig h t ly  
f ro m  day to day, the v a r ia t io n  be ing  la rg e r  when e ith e r o f the e lec trodes  
was v e ry  new (two o r  th ree  weeks) o r  v e ry  o ld  (on average abou t s ix  m onths).
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F o rm a tio n  constants fo r  the p ro to n a tio n  o f asparag ina te .
134These w e re  m easured  by W ill ia m s  et a l . under the sam e 
cond itions  as the p re se n t w o rk .
These va lues w e re
lo g  P i  1  = 9 .303 -  0. 018101
+=  n  R R S102lo g  p  = 11.888 :  0. 022
H ie  f i r s t  p  va lue  re fe rs  to the p ro to n a tio n  o f the am ino  group 
and the second to the p ro to n a tio n  o f the ca rb oxy la te  group.
F o rm a tio n  constants fo r  Z n (II)-a sp a ra g in a te  com plexes.
The hydrogen  ion  co nce n tra tio n  in  the ve sse l was v a r ie d  by 
t it ra t in g  a lk a li in to  a m ix tu re  o f m e ta l ion , ligand  and m in e ra l ac id  
( t it ra t io n  Nos. 1 -13). Two o th e r sets o f cond itions w e re  a lso  used.
(a) L ig an d  and a lk a li t it ra te d  in to  m e ta l ion  and m in e ra l ac id  ( t it ra t io n  No. 14)
(b) M e ta l io n  and m in e ra l a c id  t it ra te d  in to  ligand  and a lk a li ( t it ra t io n  No. 15)
Table  5 E xp e rim e n ta l re s u lts  fo r  the Z n (II)-a sp a ra g in a te  system .
T itra t io n In i t ia l  concen tra tions(m M ) In i t ia l
num be r Zn(H) lig a n d m in e ra l
ac id
vo lu m e  (m l) (m V)
1 2 .345 9.440 2 .218 24.97 411. 5
2 2 .345 4 .777 2 .218 24.97 409. 5
3 2 .345 2 .272 2.218 24.97 4 09 .5
4 5. 872 23.57 5.552 24. 97 4 16 .9
5 5. 872 11.75 5.552 24. 97 4 13 .0
6 5.872 5 .925 5.552 24.97 4 10 .2
7 11.29 4 4 .78 10. 67 24.97 410. 6
8 11.29 22.26 10. 67 24.97 408. 9
9 11.29 11.32 10.67 24.97 410 .6
10 28.18 114.2 26.63 24.97 4 12 .5
11 28 .18 56.94 26.63 24. 97 412 .5
12 28.18 28.84 26.63 24.97 410 .7
13 45.10 45 .02 42. 62 24.97 411 .7
In  t it ra t io n s  1 -9  the co nce n tra tio n  of the t it ra n t  a lk a li was 39. 90m M and in  
10-13 200. OmM.
69
T it ra t io n  No. 14 -  In  v e s s e l- jZ n (n )^  = 28. 21m M ; [m in e ra l a c id ] = 26. 61mM 
In  b u re tte [a s n ] = 163. SmM; [a lk a li]  = 40. O lm M  
I n i t ia l  vo lum e  24. 97m l; = 4 4 4 .4m V r>
T it ra t io n  No. 15 -  In  v e s s e l- [a s ii]  = 166. SmM; [a lk a li]  = 20. OOmM
I n  b u r e t te - [Z n ^ l ]  = 28. 21m M ; [m in e ra l acid) = 26. 61mM 
In i t ia l  vo lum e  24. 97m l; E °  = 437. 5mV
T it ra t io n  No. 1 T it ra t io n  No. 
contd.
2 T it ra t io n  No. 
contd.
3
v o l. e .m . f . v o l. e .m . f . v o l. e. m . f,
added (m l.) (m V ) added (m l. ) (m V) added (m l.) (mV)
1 .2 9 156.3 1 .4 5 104.8 1 .65 35 .2
1 .31 153.5 1 .50 88.9 1 .70 2 9 .4
1 .36 143.8 1 .55 77.1 1 .75 2 3 .4
1 .38 139.0 1 .6 5 60.7 T it ra t io n  No. 4
1 .40 134.5 1 .70 54.6
1 .43 127.2 1 .75 4 9 .2 4 .7 0 92.0
1 ,45 120.9 1. 80 4 4 .4 4 .8 0 88 .4
1 .50 108.5 1. 85 39 .9 4 .9 0 85.1
1 .55 98.1 1. 90 36 .0 5 .0 0 81.9
1 .60 89.4 1 .9 5 32.1 5 .20 76 .3
1 ,7 0 75.7 2. 00 28.7 T it ra t io n  No. 5
1 ,75 70 .6
1 .8 0 65. 8 T it ra t io n  No. 3 3 . 3 0 168.9
1 .90 57 .9 1 .37 122.9 3 .40 157 .9
2 .0 0 50.8 1 .40 105.3 3 . 5 0 144.1
T it ra t io n  No. 2 1 .43 88.4 3 .5 5 136 .4
1 .46 76.6 3 .60 128.4
1 .30 158.8 1 .49 66.9 3 .6 5 121.0
1 .35 143.8 1. 55 52.2 3 .7 0 114.7
1 .40 124.4 1 .60 43 .3 3 .7 5 108 .9
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T it ra t io n  No. 5 T it ra t io n  No. 7 T it ra t io n  No. 8
contd. contd.
v o l. 6. m . f . v o l. e .m . f . v o l. e .m . f,
added (m l.) (mV) added (m l. ) (mV) added (m l.) (mV)
3 .80 103.7 6 .00 174.7 7 .3 0 117.3
3 .85 99 .2 6 .40 163.6 7 .40 112.6
3 .90 95.2 6 .6 0 156.8 7 .6 0 104.9
3. 95 91.6 6 .8 0 149.4 7 .8 0 98.2
4 .1 0 82 .5 7 .0 0 141.5 8 .00 92 .6
4 .2 0 77 .3 7 .2 0 133.7 8 .20 87 .5
4 .3 0 72 .6 7 .4 0 126.6 8 .60 78 .8
4. 50 65 .0 7 .5 0 123.2 9 .20 68.1
4 .7 0 58.1 7 .6 0 120.1 9 .60 61.9
4 .9 0 52.0 7 .8 0 114.4 10 .00 56.1
5 .00 4 9 .2 8 .0 0 109.4
8 .20 104.8 T it ra t io n  No. 9
T it ra t io n  No. 6 8 .40 100.7 6 .60 167 .6
3 .30 180.8 8 .60 96 .9 6 .7 0 157.3
3 .4 0 168.8 8 .80 93.3 6 .80 144 .9
3 .45 160.7 9 .00 90.0 6 .90 132.6
3. 50 151.3 9 .25 86.1 7 .00 122.1
3 .5 5 138.3 9 .50 82.6 7 .1 0 113.3
3 .60 126.4 9 .75 79.1 7 .20 106.1
3 .6 5 114.4 10 .00 75 .9 7 .30 100.0
3 .7 0 104.6 7 .4 0 94.8
3 .75 96.4 T it ra t io n  No. 8 7 .6 0 86.1
3 .80 90.2 6 .5 0 167.4 7 .8 0 7 9 .0
3. 85 84.6 6 .6 0 161.8 8 .00 72 .8
3 .9 0 79 .6 6 .70 155 .4 8 .40 62.2
3 .95 74.7 6 .80 148.5 8 .80 53.3
4 .0 0 71 .4 7 .0 0 134.6
7 .1 0 128.1 T it ra t io n  No. 10
7 .2 0 122.5 3 .2 0 177.1
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T it ra t io n  No. 10 T it ra t io n  No. 11 T it ra t io n  No. 14
contd. contd.
v o l. e. m . f . v o l. e .m . f . v o l. e. m . f .
added (m l.) (mV) added (m l. ) (mV) added (m l.) (mV)
3 .4 0 167.7 6 .0 0 62 .0 21 .60 154.2
3 .6 0 157.3 22 .40 149.6
3 .8 0 147.3 T it ra t io n  No. 12 23.20 145. 5
4. 00 138.2 3 .4 0 164.4 24.00 141.7
4 .2 0 130.2 3 .50 146.4 24 .80 138.3
4 ,4 0 123.4 3 .6 0 132.4 25 .60 135.1
4 .6 0 117.2 3 .6 5 126.9 26.40 132.1
4 .8 0 111.7 3 .7 0 121.5 27 .20 129.3
5. 00 106.6 3 .8 0 113 .2 28 .00 126.6
5 .20 101 .8 4 .0 0 100.1 28 .80 123.9
5 .60 93.2 4 .2 0 89.9 29 .60 121.4
6. 00 85 .2 4 .4 0 81.0 30.00 120 .0
6 .8 0 70 .1 32.00 114.8
7 .2 0 62.7 T it ra t io n  No. 13 34.00 109.2
7 .6 0 55.3 5 .2 0 190.9 36.00 103.5
8. 00 47 .7 5 .30 182.8 38 .00 97.9
-a 5 .40 173.3 39 .00 95 .2
T it ra t io n  No. 11 5 .50 163.1 4 0 .0 0 92 .0
3 .40 171.1 5 .60 153.4 4 2 .0 0 86 .6
3 .5 0 161.9 5 .7 0 145 .0 44. 00 80 .2
3 .60 152.4 5 .80 137.6 4 5 .00 76 .8
3 .7 0 143.4 5 .90 131.3 4 6 .0 0 73.1
3 .8 0 135.8 6 .0 0 125.7 4 7 .0 0 69.3
4. 00 123.4 6 .20 116.6 4 8 .00 65 .1
4 .2 0 113.3 6 .4 0 108. 9
4 .4 0 105.4 6 .80 96.4 T it ra t io n  No. 15
4 .8 0 92 .2 7 .2 0 85.7 3 .6 0 -2 8 .5
5 .20 81.2 4 .0 0 -2 2 .1
5 .60 7 1 .4 4 .4 0 -1 4 .4
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Titration No. 15 contd.
v o l. 
added (m l.)
e .m . f .
(m V)
v o l. 
added (m l.)
e .m . f .
(mV)
4. 80 -  4. 6 7 .20 81.3
5. 00 1 .6 7.60 88.3
5. 20 8 .8 8. 00 94.1
5.40 17.1 8. 80 104. 0
5. 60 26 .9 9 .60 112.1
5 .70 32.1 10. 00 116.1
b . 90 4 2 .4 12.00 132.6
6. 20 54.9 14. 00 147.5
6 .40 61.8 16. 00 162.7
6. 60 67-9 18. 00 177.9
6. 80 72.9
The formation curves were coincident, as represented in Figure 5, 
in d ic a tin g  the p resence of s im p le  A ^B  species and absence o f p o lyn u c le a r, 
hyd ro lyse d  and p ro tona ted  com plexes. The ana lys is  of the data using 
SCOGS gave the fo llo w in g  re s u lts
logp^ iio 
^®Sp210
= 5. 070 -  0. 004
= 9 .426  -  0. 004
+logPg^Q  = 12.300 :  0 .026 
s(228 readings) in  t i t r e  = 0.104
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A  search  fo r  p o ss ib le  p ro tona ted  species in  the lo w  Z re g io n  o f 
the fo rm a tio n  cu rve  p roved  nega tive .
F o rm a tio n  constants fo r  coppe r(II) -  asparag ina te  com plexes.
The hydrogen ion  co nce n tra tio n  in  the vesse l was v a r ie d  by 
t it ra t in g  a lk a li in to  a m ix tu re  o f lig a n d , m e ta l ion , and m in e ra l ac id .
Tab le  6 E xp e rim e n ta l re s u lts  fo r  the C u (II) - aspa rag ina te system
T itra t io n In i t ia l  co ncen tra tions  (mM) In i t ia l E®
num ber Cu(n) lig a nd acid vo lum e  (m l) (mV)
1 2. 958 3.031 2.495 24. 97 415 .8
2 9.484 37.92 8.002 24. 97 417 .7
. 3 9.478 19.07 7. 997 24. 97 417 .0
4 9.478 9.471 7. 997 24. 97 4 14 .2
5 18.91 75.85 15.95 24. 97 416 .2
6 18. 82 39.75 15.87 24.97 4 16 .6
7 19.10 18.88 16.11 24. 97 416. 6
8 47 .39 168.9 39. 99 24.97 414 .2
9 47 .39 116.2 39. 99 24. 97 415 .4
10 47.39 49.37 39 .99 24, 97 416 .5
The co nce n tra tio n  o f the t i t r a n t  a lk a li was 79. 90m M in  t it ra t io n s
1 -4  and 200. Im M  in  N os. 5-10.
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T it ra t io n  No. 1 T it ra t io n  No. 4 T it ra t io n  No. 
contd.
5
v o l. e .m . f . v o l. e .m . f . v o l. e. m . f
added (m l.) (mV) added (m l.) (mV) added (m l.) (mV)
0 .00 254.1 0.00 277.0 6 .00 192 .6
0 .40 243.7 0 .20 275.0 6 .40 187.5
0. 80 229.7 0 .40 273.0
1 .10 215.5 0. 60 271.0 T it ra t io n  No. 6
1.3.0 203.5 0 .80 269.0 1 .20 262.6
1 .2 0 264 .5 1 .80 255.8
T it ra t io n  No. 2 1 .40 262.2 3. 20 237 .5
0 .00 256 .5 1. 60 259.7 4 .0 0 223.7
0 .40 254.3 1. 80 257.3 4 .4 0 215.2
0. 80 252.0 2. 05 254.2 4 .8 0 205.1
1 .20 249.6 2 .30 250.9 5 .20 193.2
2 .00 244 .4 2 .60 246.7 5 .40 186.2
2. 80 240 .5 2. 90 242 .2 5. 60 178.7
3 .60 234.3 3 .2 0 237 .5 5. 80 170.3
4 .4 0 227.3 6 .00 160,9
5 .20 219.1 T it ra t io n  No. 5 6 .20 150 .4
6. 00 209 .5 0 .0 259.5 6 .40 138.0
6 .80 197.6 0 .40 257.7 6. 50 130.9
7 .20 190.6 1 .2 0 251.7
7 .6 0 182 .6 2. 00 245.4 T it ra t io n  No, 7
8. 00 172.9 2 .4 0 241.9 0 .00 289 .2
2. 80 238.2 0 .40 285.3
T it ra t io n  No. 3 3 .2 0 234.3 0. 80 279.6
0. 80 260.4 3. 60 230.1 1 .20 273 .5
1 .6 0 254.2 4 .0 0 225.4 1 .60 267.2
2 .40 247.6 4 .4 0 220.4 2 .00 260.6
2 .80 244.0 4 .8 0 214. 9 2 .40 253.7
3 .20 240.2 5 .20 208.5 2. 80 246.4
3 .60 236.1 5. 60 201.3
z?
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T it ra t io n  No, 8 T it ra t io n  No. 
contd.
9
v o l. 
added (m l.)
e .m . f .
(mV)
v o l.  
added (m l.)
e .m . f .
(mV)
0 .00 269.0 4 .8 0 261.7
0. 80 266.6 5. 60 258.1
1 .60 264.0 6 .40 254.4
2 .40 261.2 7 .2 0 250.5
3 .20 258.4 8 .00 246 .4
4 .0 0 255,5 8. 80 242.0
4 .8 0 252.6 9. 60 237.3
5. 60 249.5 10 .40 233.3
6 .40 246.4 11.20 228. 0
7 .2 0 243.0 12. 00 222.0
8 .00 239.5 12 .80 215.3
8. 80 235.8 13.60 207.7
9 .60 231.9 14.40 199.0
10.40 227.7 15.20 188.7
11.20 223.1
12 .00 218.1 T it ra t io n  No. 10
12.80 212.7 0. 00 308.3
13.60 206 .4 0 .80 303.3
14.40 199.4 1 .60 279.2
15.20 191.0 2 .40 291.2
16. 00 180.6 3 .20 285.5
16.40 174.2 4.00 279.7
T it ra t io n  No. 9
4. 80 
5 .60
274.1
268.3
0. 00 280.8 6 .40 262.3
0 .80 278.3 7 .20 256.0
1 .60 275.1 8. 00 241 .4
2 .4 0 271.8
3 .20 268.5
4 .0 0 265.1
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F ig u re  5 shows tha t the cu rves do not co inc ide  as Z approaches 
2. 0, The e xp e rim e n ta l data w e re  p rocessed  in  SCOGS and an extens ive  
su rvey  o f p oss ib le  species was m ade, in c lu d in g  re fe re n ce  to h yd ro lysed  
species w h ich  have been p re v io u s ly  re p o r te d ^ ^ ’ F o r  species
w ith  the va lues p q r  110, 210, 310, 111, 211, 212, 11-1 and 22-2  w e re  
searched fo r ,  bu t in  the end on ly  the s im p le  b in a ry  species 110 and 210 
w e re  found. The constants w e re ;-
lo g  P 110 = 8. 677 -  0. 023
lo g  p  = 16.052 -  0 .024 
6(128 read ings) = 0. 294 
The co pp e r-a sp a ra g in a te  re s u lts  w e re  se lected to i l lu s t ra te  the 
e ffe c t o f v a rio u s  e xp e rim e n ta l e r ro r s  on the constants.
Tab le  7. E ffe c t o f e xpe rim en ta l e r ro rs
V a r ia b le  and V a r ia t io n P n o d iffe re n c e
In c re a se  T  by 0 .25°C 8. 703 + 0 .026
Inc rea se  in i t ia l  vo lum e  by 1% 8, 667 -  0. o ia )
In c re a se  B l t l  by 1% 8. 660 -  0.017
In c re a se  [a ] by  1% 8. 670 -  0.007
Inc rea se  |%] by 1% 8.678 + 0.001
In c re a se  E*  ^by  Im V 8. 625 -  0 .052
I t  is  a t once ev iden t tha t E ^  is  the m ost se n s itiv e  v a r ia b le  and 
so c a re  m u s t be exe rc ised  in  i ts  d e te rm in a tio n .
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F o rm a tio n  constants fo r  n ic k e l( I l) -a s p a ra g in a te  com plexes.
T h is  system  was stud ied  b e fo re  Zn  and Cu, and th e re fo re  has the 
m o s t extensive  s e rie s  o f t i t r a t io n  cond itions .
(a) C onstant m e ta l io n  and constant lig a n d  coneen tra tions-ac id  t it ra te d  in to  
a lk a li ( t itra t io n s  1 -3 ).
(b) C onstant lig a nd  co nce n tra tio n  on ly  -  a lk a li in to  ac id  ( t i t ra t io n  5 and 8).
(c) M e ta l io n ,m in e ra l ac id  and lig a n d  t it ra te d  w ith  a lk a li ( t it ra t io n s  4, 6 ,9 -1 0 ),
(d) L igand  and a lk a li t it ra te d  w ith  m e ta l io n  and m in e ra l ac id  ( t it ra t io n s  7,
11-14).
(L) M e ta l ion  and m in e ra l ac id  t itra te d  w ith  ligand  and a lk a li ( t it ra t io n  16).
(a) is  the m ethod favoured  by the S i l là i  schoo l. I t  keeps m e ta l io n  
and lig a nd  constant, b u t the d isadvantage of th is  is  tha t a re la t iv e ly  n a rro w  
pH range is  covered . Two s e r ie s  o f so lu tions  w ith  ligand : m e ta l io n  ra t io  
4 :1 , 2 :1 , 1;1 e tc. a re  m ade up, one con ta in ing  m in e ra l a c id  and the o th e r 
a lk a li,  each success ive  m e m ber o f the s e r ie s  be ing  p re pa re d  f ro m  the 
p re v io u s  one by d ilu t io n  w ith  a m e ta l ion  so lu tion  w h ich  is  i t s e l f  n e c e s s a r ily  
ac id  to p re ven t h y d ro ly s is . T h e re fo re  each m em ber o f the a lk a lin e  s e rie s  
becom es p ro g re s s iv e ly  le ss  a lk a lin e  and the pH range n a rro w s .
(b) overcom es th is  d raw back, bu t is  w as te fu l on lig a nd . The m ethods 
n o rm a lly  used a re  (c), (d) and (e) w ith  (c) be ing  the m o s t p o p u la r.
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T it ra t io n  No. 1 T it ra t io n  No. 
contd.
3 T it ra t io n  No. 
contd.
6
v o l. e. m . f . v o l. e. m . f . v o l. e .m . f .
added (m l. ) (mV) added (m l. ) (mV) added (m l. ) (mV)
0. 00 -2 9 .0 25. 00 108.5 9. 20 187.2
0 .80 - 7 .9 10. 00 172.9
1 .20 1 .4 T it ra t io n  No. 4 10.80 163.8
2 .40 22 .6 4 .4 0 205.2 11.60 151.6
2. 80 2 8 .8 5 .20 188.0 12.40 140.0
3 .60 4 0 .2 6. 00 156.8 12.80 134.8
4. 00 4 5 .6 6. 80 124.9
4 .8 0 55.7 7 .6 0 103.1 T it ra t io n  No. 7
5 .00 62 .6 8 .40 86 .4 0 .70 -2 0 .0
9 .20 71 .9 0. 80 2 1 .0
T it ra t io n  No. 2 9 .6 0 65.4 0 .90 4 4 .5
0 .00 0 .5 10 .50 4 6 .5 1 .10 7 1 .8
0. 80 lb .  4 1 .30 89 .2
2. 00 32 .1 T it ra t io n  No. 5 1. 50 102.2
3. 00 4 3 .5 12 .80 108. 9 1 .80 117.8
4. 00 53 .5 13.60 78 .6 2 .00 126.6
5. 00 62 .4 14.40 48 .3 2. 50 145.8
20. 00 154.4 15 .20 8 .8 3. 50 177.8
22. 00 162.9 4. 00 190.1
24.00 170.7 T it ra t io n  No. 6 4 .5 0 199.7
27 .00 180. 9 1 .20 252.2 5. 00 207.2
30 .00 188.9 2 .00 248 .6
2 .8 0 244.3 T it ra t io n  No. 8
T it ra t io n  No. 3 4 .0 0 237.4 5. 60 215 .8
13.60 38 .6 4 .4 0 235. 0 .6.40 203.9
15. 00 53.2 6 .0 0 223.9 7 .2 0 189.7
18. 00 75 .2 6 .8 0 217.2 8. 80 161.4
20. 00 86 .4 7 .6 0 209.1
21 .00 91 .4 8 .40 199.2 T it ra t io n  No. 9
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T it ra t io n  No. 9 T it ra t io n  No. 
contd.
, ID T it ra t io n  No. 
contd.
ID
v o l. e .m . f . v o l. e .m . f . v o l. e. m . f,
added (m l. ) (mV) added (m l. ) (mV) added (m l. ) (mV)
4 .4 0 144.7 2 .5 0 -1 1 .3 8. 00 174.3
5 .20 104.1 2 .60 - 7 .2 8 .40 177.4
5. 60 91 .6 2 .7 0 - 2 .6 8. 80 180.3
6 .00 80 .0 2 .8 0 2 .4 9 .20 183.0
6. 80 57.7 2 .9 0 7 .5 9 .60 185.6
7 .2 0 4 6 .6 3 .00 13.3 10. 00 187.9
7 .6 0 35.3 3 .1 0 19 .2 11. 00 193.2
8. 00 22 .6 3 .2 0 25. 6 12. 00 197.8
8 .80 -1 2 .1 3 .3 0 3 2 .6 13. 00 201 .9
3 .4 0 40 .7 14 .00 205.7
T it ra t io n  No. 10 3. 50 4 9 .8 15. 00 209.1
3. 00 246.3 3. 60 59.6 17. 00 215.1
4 .0 0 237.0 3 .7 0 69 .8 18. 50 219.3
5 .00 225. 8 3 .8 0 79.7 20. 00 223. 0
6. 00 210.3 4 .0 0 95. 5
7 .0 0 185.9 4 .1 0 101.7 T it ra t io n  No. 12
8 .00 154.7 4 .2 0 107.1 1. 20 -1 6 .4
9 .00 130.8 4 .4 0 115.7 1 .30 — 8. 0
10. 00 112.6 4 .6 0 122.8 1 .40 2 .5
11. 00 97 .6 4 .8 0 128.8 1. 50 13.3
11.40 91 .8 5 .0 0 ,133 .9 1 .60 26.7
11 .80 85 .8 5 .20 138.4 1 .70 4 2 .6
12. 20 79 .6 5 .40 142.5 1. 80 6 2 .1 .
12.60 73 .1 5 .60 146.2 1 .90 82 .6
13. 00 66 .4 6 .00 152. 6 2. 00 97.7
6 .4 0 158.1 2 .1 0 109.1
T it ra t io n  No. 11 6 .80 162.8 2 .20 117 .6
2 .30 -1 8 .9 7 .2 0 167.0 2 .30 124.4
2 .40 -1 5 .2 7 .6 0 170. 8 2 .4 0 130.3
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T it ra t io n  No. 12 T it ra t io n  No. 14
contd. contd.
v o l. e. m . f . v o l. e. m .f ,
,dded (m l. ) (mV) added (m l. ) (mV)
2 .6 0 139.9 8 .5 0 166.2
2. 80 147.5 9 .00 170.0
3. 00 153.9 9 .50 173.4
3 .2 0 159.3 10.00 176. 6
3 .60 168.3 11 .00 182.2
4. 00 175.4 12.00 187.1
4 .4 0 181.5 14.00 196.7
4 .8 0 186.7 16. 00 203.2
5 .20 191.2
5. 60 195.3 T it ra t io n  No. 15
6. 00 198.9 3 .0 0 279 .0
7 .0 0 206.6 4 .0 0 267.5
8 .00 213.2 5 .00 258.3
9 .00 218. 9 6 .00
7 .0 0
250.6
243.8
T it ra t io n  No. 13 8 .00 237.7
3 .20 151.0 9 .00 232.2
3. 60 159.9 10.00 227 .4
4. 00 167.4 12 .00 218.7
4 .4 0 173.7 14 .00 211.4
4 .8 0 179.1 16.00 204.9
5.50 187.2 18.00 199.2
6. 50 196.6 20 .00 194.4
8 .00 207.8 22 .00
24.00
189.2
184.7
T it ra t io n  No. 14 26.00 180.4
7 .0 0 152.5 28 .00 176.3
7 .5 0 157.6 30 .00 172.1
8. 00 162.2 32.00 168.2
T it ra t io n  No. 15 
contd.
v o l.  
added (m l. )
36. 00 
40. 00
e. m . f .
(mV)
160.2
156.2
17
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A s  the fo rm a tio n  cu rve s  ( f ig u re  5) co inc ide  the sys tem  is  d esc ribe d  by  s im p le  
A ^B  species. The data was analysed us ing  SCOGS and the fo llo w in g  re s u lts  
w e re  obta ined.
log 1 0  = 6.152 -  0.007
log p210 = 11.163 -  0 .011
lo g P a io  = 14 .545  -  0 .055  
s (206 readings) in  t i t r e  = 0 .244 .
F o rm a tio n  constants fo r  C o (II), F e (II) and M n (II)-a sp a ra g in a te  com plexes
The fo rm a tio n  constants fo r  the com plexes between aspa rag ina te  and
m anganese(II), iro n ( I I)  and c o b a lt(II) had p re v io u s ly  been m easu red  in  th is  
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la b o ra to ry , and they a re  lis te d  in  tab le  9. The fo rm a tio n  cu rve s  can a l l  be 
found in  f ig u re  5. '
T ab le  9. F o rm a tio n  constants f o r  C o (II), F e (II) and M n (II)-a s p a ra g in a te  com plexes
M e ta l
ion
M n (II)
F e (II)
C o(n )
log  p 110 ' log B210 log B310 num ber of read ings
463.102  -  0. 040 5 .222  -  0. 090
4 .3 6 6  -  0 .033 7 .569  -  0 .036 10.259 -  0. 054 56
4 .903  ^  0 .007 9 .029  -  0. O i l  11.855 -  0.021 60
s in  t i t r e
0 .310  
0 .215  
0.120
C o m p ariso n  w ith  o th e r w o rke rs^  re s u lts .
W o rk  on m e ta l-a s p a ra g in a te  com p lexa tion  is  co ns ide ra b ly  le ss  ex tens ive  than 
o th e r a m in o -a c id s . H ow ever, co m p a rison  between re s u lts  in  th is  w o rk  and those 
obta ined b y  o th e r w o rk e rs  re v e a ls  tha t the fo rm a tio n  constants obta ined in  3. OOM 
(Na)GlO^ a re  h ig h e r than those obta ined at lo w e r io n ic  s tre n g th s , a tre n d  w h ich
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has been observed p re v io u s ly ^ ^ ’
P re v io u s  w o rk  on tiie  M n (II) , F e (II) and Z n {II)-a sp a ra g in a te  system s
is  v e ry  scanty and the constants w h ich  have been obta ined a re  not w e ll
c h a ra c te ris e d . The on ly  A ^B  com p lex  to be re p o rte d  ou ts ide  the p re se n t
30w o rk  is  that o f co ba lt , w h ich  appears, toge ther w ith  the o th e r re p o rte d  
re s u lts ,  in  Table  10.
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Table  10 L ite ra tu re  va lues fo r  m e ta l io n -asp a ra g ina te  com p lex  fo rm a tio n  constants
I
M e ta l
Ion
Tem p.
OC M ethod
io n ic
back­
g round
210 R eference
Z n(n ) 25
20
15
g l
g l
g l
3. OOM 
O .O IM  
0 .005M
5.070 9 .426
8 .7
8 .5
12.300 T h is  w o rk
70
71
C \ i ( R ) 25
25
25
25
20
g l
g l
g l
g l
g l
3. OOM 
0 .20M  
0 .1 6 M  
O .IO M  
O .O IM
8. 677 
7 .7 9  
7 .7 8  
7 .8 6
16.052
14.29
14.13
14.42
14 .9
n o t fo rm e d T h is  w o rk  
137* 
138 
31 
70
N i(E ) 25 
25 
25 
. 20
g l
g l
g l
g l
3. OOM 
0 .1 6 M  
O .IO M  
O .O IM
6.152 
5. 58 
5 .6 8
11.163
9 .96
10.23
10.6
14.545 T h is  w o rk  
138 
31 
70
Co(H) 25
25.15
25
20
g l
g l
g l
g l
3. OOM 
0 .1 5 M  
O .IO M  
O .O IM
4.903  
4. 55 
4. 51
9 .029  
8 .13  
8 .01  
8 .4  .
11. 855 
9 .95
136
30
31 
70
Fe(H) 25
20
g l
g l
3, OOM 
O .O IM
4 .366 7.569
6 .5
10.259 136
70
M n(B) 25
20
g l
g l
3. OOM 
O .O IM
3.102 5.222
4 .5
no t fo rm e d 136
70
g l = g lass  e le c tro d e  m easurem en t 
137*  In  a dd itio n , G e rge ly  e t a l obta ined constants f o r  the fo llo w in g  e q u il ib r ia ; -
+ H ^  B A g , lo g  K  = 10 .45
+ «
+ B A  H lo g  K  = 12 .0
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C hapte r 6.
D e s c r ip tio n  of appara tus.
C A LO R IM E T R Y
139The c a lo r im e te r  was of the G erd ing , Led  en and Sunner design
and had p re v io u s ly  been used to d e te rm ine  heats o f fo rm a tio n  fo r  o the r
27—28m e ta l io n -a m in o -a c id  com plexes in  th is  la b o ra to ry  . The u n it con­
s is te d  o f an in n e r re a c tio n  ve sse l o f g lass (capacity_ca 150m l) and an o u te r 
sh ie ld ing  vesse l o f coppe r, n ic k e l p la ted  e x te rn a lly .
The two vesse ls  w e re  attached to the " l id "  o f the c a lo r im e te r ,  the 
re a c tio n  vesse l by  two sp rin g s  and the o u te r vesse l by an O -r in g  seal to 
p re ve n t leakage. C him neys p ro v ide d  the means o f in tro d u c in g  the fo llo w in g  
p robes in to  the re a c tio n  ve sse l : (a) a b u re tte  tip  (b) a s t i r r e r  w h ich  a lso  
acted as a c o o le r, (c) a heat d e te c to r, (d) a h e a te r, (e) an e le c trod e  p a ir .
(a) The b u re tte  : The t i t r a n t  was added through a g lass b u re tte  tip  and 
could  be p ro tec ted  f ro m  back d iffu s io n  by a p o ly flu o ro te tra e th y le n e  (P T F E ) 
cap he ld  on a gold  sp rin g . The t i t r a n t  was p rew arm ed  to the bath te m p e ra tu re  
in  a s p ira l o f ny lon  tube (P o rie x  SFD N y lon  C, c a  8m l capac ity ) on top o f the 
v e s s e l, by im m e rs io n  in  the bath . The fre e  end of the n y lon  tube was then 
connected to a p is to n  b u re tte  (M e trohm  AG , E274).
(b) The s t i r r e r  : V ib r o - s t i r r in g  was used because i t  has s m a lle r  heat o f 
s t i r r in g  c o rre c tio n s  and is  m o re  e ff ic ie n t than p a d d le -s t ir r in g ,  e sp e c ia lly  
in  e lim in a tin g  lo c a lis e d  p re c ip ita t io n  around the b u re tte  t ip  on a dd ition  o f 
t i t ra n t .  Such p re c ip ita te s  no t on ly  g ive  r is e  to spurious enthalpy e ffec ts  
b u t a re  o ften s low  to re d is s o lv e . The s t i r r e r  d isc was a f la t  c ir c u la r  p la te
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/
o f 1mm P T F E  (2. 5cm d ia m e te r) con ta in ing  ten ho les o f 1m m  d ia m e te r. T h is  
was screw ed onto a h o llow  s ta in less  s tee l tube suspended by  two b a l l  races 
and hav ing  a ru b b e r sea ling  d iaphragm  on the bo ttom  of the ce n tre  ch im ney.
The connection fro m  the v ib ro -m o to r  (Chemap A P , E l)  to the 
c a lo r im e te r  was an L -sh ap e d  b a r w h ich  was in  two p ieces , the s h o r te r  
(1 0 -12cm ), n e a re r the c a lo r im e te r ,  s lid in g  in to  the lo n g e r p iece  and held 
in  p lace  by a sc re w  through both  p ieces . The o th e r end o f the s h o rte r p iece  
had two prongs w h ich  f it te d  round a ru b b e r g ro m m e t nea r the top o f the 
s t i r r e r  tube. T h is  a rra n ge m e n t p reven ted  v ib ra tio n s  f ro m  the m o to r be ing  
tra n s m itte d  to the c a lo r im e te r  u n it  as a w ho le. The s t i r r e r  tube was 
h o llow  to a llo w  d rops o f l iq u id  n itro g e n  to be passed in to  i t  f ro m  a long 
h o llow  needle.
(c) H eat d e te c to r : The te m p e ra tu re  change upon a dd ition  of t i t r a n t  to 
the re a c tio n  ve sse l was m easured  by use of a q ua rtz  th e rm o m e te r 
(H ew le tt P acka rd  2801A) coupled to a d ig ita l re c o rd e r  (H ew le tt P acka rd  
562A) w h ich  p r in te d  out te m p e ra tu re  read ings c o r re c t  to 0. 0001° a t 
in te rv a ls  o f 18 seconds. P ro v id e d  the e n tire  system  was w e ll e q u ilib ra te d  
a t 25, OO^C, i . e .  tha t i t  had been im m e rs e d  in  the bath s ince  the p re v io u s  
evening, and the c a lo r im e try  room  was m a in ta ined  a t 22°C these read ings , 
when p lo tte d , gave " fo re ”  and " a f t "  p e riod s  w h ich  w e re  p a ra lle l and so 
the re a c tio n  heats could  qu ite  e a s ily  be expressed as A ° K .
(d) C a lib ra t io n  hea te r ; To c o n ve rt change in  tem p e ra tu re , A.°K, to 
energy re q u ire d  a c a lib ra tio n  e xp e rim e n t using a Imown quan tity  o f heat.
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T h is  was done e le c tr ic a l ly  by means o f a hea te r c o il o f n o n -in d u c tive ly  
wound re s is ta n ce  w ire  (22. O i l ) , coated w ith  a c h e m ic a lly - re s is ta n t 
epoxy re s in  (A ra ld ite ). The vo ltage  across  the hea te r was m easured  on 
a d ig ita l v o ltm e te r  (S o la rtro n  L M  1420. 2). The c u rre n t flo w in g  was passed 
through the h ea te r re s is to r  and a lso  through a 10. 0 0  f l  s tandard  res is tance ; 
the m easurem ent o f the c u rre n t pass ing  through th is  re s is ta n ce  gave the 
c u rre n t in  the h ea te r c ir c u it .  The tim e  fo r  w h ich  the hea ting  c u rre n t 
flow ed  was a u to m a tica lly  re co rd ed  to w ith in  0. 02 seconds us ing  a s top ­
w atch  (Jaquet 309e) coupled to the "o n -o f f"  sw itch  c o n tro llin g  the c a lib ra tio n  
hea te r.
(e) E le c trod e  P a ir  : A lthough  the re  is  p ro v is io n  fo r  the use o f a com b ina tion  
e lec trode  (A c tiv io n  T1N 7D R /180), i t  was no t used in  th is  w o rk  as m o re  
accura te  re s u lts  can be obta ined by d ire c t  p o te n tio n ie try  on the bench.
The com p le te  sys tem  w as im m e rs e d  in  a th e rm o s ta t bath  con­
tro lle d  to 25. 0000 -  0. 0005°C (LICB 7602 c o n tro lle r  on 7603A bath) w h ich
-f- Qwas loca ted  in  a the rm os ta tted  ro o m  (22. 0 -  0. 5 C).
E xp e rim e n ta l p rocedu re .
F o r  each t i t ra t io n  the ve sse l was charged by  d ire c t ly  p ip e ttin g  
the t i t ra te  in to  the re a c tio n  ve sse l o r  m ak ing  up the t it ra te  in  a s ilico n e d  
f la s k  and p ou rin g  the contents (99. 57m l) in to  the re a c tio n  ve sse l. The 
c a lo r im e te r  was assem bled and im m e rs e d  in  the w a te r bath . A f te r  a 
m in im u m  o f e igh t hou rs  (usua lly  ove rn igh t) the s t i r r in g  and e le c tro n ic  
system s w e re  sw itched on, and two hou rs  la te r  reached steady s ta te
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cond itions when the t it ra t io n  could  p roceed.
F o r each p o in t Üie fo llo w in g  p ro ced u re  was adopted.
(1) 1 2 -m inu te  " fo re "  p e rio d .
(2) 6 -m in u te  re a c tio n  p e r io d  in  w h ich  t i t r a n t  was added (o r e le c tr ic a l energy 
fo r  a c a lib ra tio n  po in t).
(3) 1 2 -m inu te  " a f t "  p e rio d .
(4) N itro g e n  coo ling , i f  re q u ire d .
In  m any cases step (4) was not re q u ire d  and the " a f t "  p e rio d  o f one 
p o in t becam e the " fo re "  p e r io d  o f the next po in t.
The va lues o f 12, 6 and 12 m inu tes  w e re  a r r iv e d  a t by p lo ts  o f 
tem pe ra tu re  aga ins t t im e , and the above va lues w e re  the tim e s  re q u ire d  to 
reach  steady s ta te .
F ig u re  7. T e m p e ra tu re -t im e  p lo t fo r  c a lo r im e te r  re a c tio n  p e rio d .
OoO)
o
COoTime (s)'
Figure?. Temperature - t ime plot  for calorimeter react ion perio(
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The heat c o rre c tio n s  w e re  ca lcu la ted  fro m  the fo llo w in g  equation:
(T - T >  Z?
  ■
The re fe re n ce  p o in t fo r  ca lcu la tio n  o f the tem pe ra tu re  change was 
the m id -p o in t o f the re a c tio n  p e r io d , i .  e, th ree  m inu tes  a fte r  the add ition  
of t it ra n t .  T h is  p o in t was chosen fro m  the te m p e ra tu re - tim e  p lo t, and is  
the m ethod o r ig in a lly  desc ribe d  by W liite ^ ^ ^ .
C a lib ra tio n s  w e re  p e rfo rm e d  d u r in g  the course  o f t it ra t io n s  and 
a body o f data was b u i l t  up to c o n s tru c t a c a lib ra tio n  lin e . F o r  each 
c a lib ra tio n  p o in t e le c tr ic a l energy was app lied  to the sys tem  fo r  60 seconds 
and the energy was ca lcu la ted  f ro m  ;
J  = V i t
w here  J  is  in  jo u le s , V  in  v o lts ,  i  in  amps and t in  seconds.
The c a lib ra tio n  constant was evaluated as :
_ J  
^  A T
and was p lo tted  aga inst the to ta l vo lum e  o f so lu tion  in  the re a c tio n  ve sse l.
Heat o f fo rm a tio n  of w a te r , A h ^___________________________  w
T h is  v e ry  im p o rta n t quan tity  was de te rm ined  to assess the accuracy
and re p ro d u c ib ility  of the c a lo r im e te r .  A s in  subsequent e xpe rim en ts ,
a lk a li was t itra te d  in to  a c id , and the re s u lts  obtained, fo r  fo rm a tio n  of
2. 0 X 10 ^  m o les of w a te r, w e re  as fo llo w s  :
(i) -5 5 . 740 kJ  m o f ^  (-13 . 322 kca l m o l"^ )
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-1 -1( ii)  “ 55, 886 kJ m o l (-13 . 357 kca l m o l )
( i l l )  -5 5 . 693 kJ  m o l” ^ (-13 .310  kca l m o F ^ )
mean v a lu e .-5 5 , 7731 0i075 kJ  m o l ^ (-13 . 330 -  0. 018 kca l m o l
T h is  va lue  agrees w e ll w ith  the l i te ra tu re ,  w he re  the "b e s t"
c a lo r im e tr ic  va lue  is  g iven  as "c lo s e  to -1 3 . 34 kca l m o l ^
Heats of p ro to n a tio n  fo r  asparag ina te .
The heats o f p ro to n a tio n  fo r  asparag ina te  in  3. OOM (N a )C l( l had
134been m easured  p re v io u s ly  in  th is  la b o ra to ry  , and die re s u lts  w e re  
as fo llo w s  :
-  NHg group -5 0 . 5 - 0 . 4  kJ  m o l ^
-  COg group  -  1. 5 -  3. 5 kJ  m o l ^
+ -1 -  5 .10  -  0. 005 kJ  m o l by m ic ro c a lo r im e try .
The la t te r  va lue  was used in  subsequent ca lcu la tio n s .
Heats o f fo rm a tio n  fo r  Z n (II)-a sp a ra g in a te  com plexes.
These w e re  m easured  by t it ra t in g  sodium  h yd ro x id e  (125. OmM)
in to  Z n (II)-a sp a ra g in a te  so lu tion s . In  a l l  cases the in i t ia l  vo lum e  was
1 0 0 .0 m l.
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Table 11, C a lo r im e tr ic  re s u lts  fo r  the Zn(ü.)~asparaginate system .
In i t ia l  [Z n ( I [ i  m M  4 .707  7 .079 7.079
In i t ia l  (as iij m M  14 .16  22.82 16.92
In i t ia l  [ h]  n iM  18. 61 29.51 23. 61
V o lum e  added (m l) hea t evolved (jou les)
4 .0  (9.220) (4.460)
5 .0  1 .981 (3. 665)
6 .0  2 .101 (7.253) 2 .451
7 .0  1 .869  2 .323
8 .0  1.887 3.927 2 .091
9 .0  2 .111
10.0  4 .366  4 .158
12.0  ■ 3 .918  4 .289
14.0  4 .476  4 .476
16.0  4 .227  3 .294
18.0  3 .800 2 .347
20 .0  2 .558
The va lues o f A h ^ ,  A H ^  and A h ^ w e re  ca lcu la ted  by the 
com pute r p ro g ra m  R W C ALC R D  con ta in ing  le a s t squares p ro g ra m  RWSOLV. 
The re s u lts  w e re  :
A  = -1 0 .4 4  -  0 .40  kJ m o l ^
A H °  = -2 3 .1 7  -  0. 80 kJ  m ol~^
A H g  = -2 7 .5 5  -  1. 20 kJ m o l"^
8(19 read ings) = 0 .40  
The en tha lp ic  cu rve  is  shown in  f ig u re  8.
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Figure 8 Enthalpic curve f o r t h e Z n ( n )  
A spa rag ina te  system.
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Note on entha lp ic  cu rves  A n entha lp ic  cu rve  is  a graph o f to ta l heat 
evolved a g a in s tZ  , and can be d raw n  fro m  output data generated by z?
RW CALCR D, The so lid  l in e  on each of these graphs, going through the 
o r ig in  o f the axes, is  the th e o re tic a l cu rve . The e xpe rim en ta l cu rves 
fo r  m ononuclear com plexes a re  p a ra lle l to the th e o re tica l cu rve , and a re  
super im posab le  upon i t  a fte r  each t it ra t io n  has been co rre c te d  fo r  its  
in i t ia l  Z , Since a negative  Z has no m eaning, a ll  the e xpe rim en ta l cu rves 
should l ie  be low  the th e o re tic a l cu rve . A s w i l l  be seen s h o r tly , in  the 
case of the copper(II) t it ra t io n s  the in i t ia l  Z was often 0 .30  o r  g re a te r, 
hence p roduc ing  an expe rim en ta l c u rve  som e d is tance  fro m  the th e o re tic a l 
cu rve .
A t the com m encem ent o f each t it ra t io n  the pH was between 2 and 3 
so fo r  the f i r s t  few  po in ts  in  each t it ra t io n  the heat g iven out was that due 
to n e u tra lis a tio n  o f excess m in e ra l ac id  (p resent to p re ve n t h y d ro ly s is ) 
by a lk a li,  and no s ig n if ic a n t com p lexa tion  o ccu rre d  u n t il pH 4 o r  5.
When the heats fo r  these e a r ly  po in ts  was co rre c te d  fo r  fo rm a tio n  o f 
w a te r and p ro tona tion  o f the lig a nd , they had negative va lues and w e re  
th e re fo re  d isca rded . These d isca rded  va lues a re  shown in  b ra cke ts  in  
the tab les.
Heats o f fo rm a tio n  fo r  co p p e r(Il)-a sp a ra g in a te  com plexes.
These w e re  m easured  by t it ra t in g  sodium  hyd rox id e  (125. OmM) 
in to  C u (H )-asparag ina te  so lu tion s . The in i t ia l  vo lum e was 100. 0m l in  each 
t it ra t io n .
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Table  12. C a lo r im e tr ic  re s u lts  fo r  the C u (II)-a sp a rag in a te  sys tem .
In i t ia l  [C u(II)l m M .7 .1 3 9 .4 .7 5 6 ,9 .503
In i t ia l  [asn| m M 14.47 14.46 14. 43
In i t ia l  [h ]  m M 20.49 18.48 22 .45
vo lum e  added (m l) heat evolved (jou les)
1 .0 4 .663
2 .0 9.517 4.855 9. 517
3 .0 . 4 /564
4 .0 9.563 4 .463 9. 612
5 .0 4 .557
6 .0 9. 954 4 .952 9.854
7 .0 5.101
8 .0 10.556 3.927 10.709
9 .0 4 .170
10.0 10.134 4.470 10.186
11.0 4. 039
12.0 8. 895 9.583
14.0 9.113 9. 814
16.0 9.333 9.498
18.0 9 .108
20 .0 7 .334
When the re s u lts  o f these t it ra t io n s  came to be p rocessed  by the
p re v io u s  m ethod, d if f ic u lt ie s  w e re  encountered. W ith  both  A B  and A ^B  
com plexes taken in to  co n s id e ra tio n , RW SOLV gave e xcess ive ly  h igh  va lues 
fo r  the heats, and when on ly  the 1:1 com p lex  was cons ide red  the A  
va lue  obtained was o f the r ig h t  o rd e r  o f m agnitude b u t had the w rong  s ign .
The lo g p  va lues fo r  the C u (II)-a sp a rag in a te  com plexes w e re
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co ns ide ra b ly  la rg e r  than those fo r  any o f the o th e r m e ta l ions under
exam ina tion , and in  a l l  the C u (tl ) -  a spa r agina te t itra t io n s  the re  was some
degree o f com p lex ing  even a t -  lo g  h = 2. 5, whereas in  o th e r system s 
com parab le  com p lexa tion  d id  not o ccu r u n t il ~ log  h = 5. 0.
A s can be seen, the e xpe rim en ta l entha lp ic  cu rves  l ie  a con­
s id e ra b le  d is tance  fro m  the th e o re tic a l cu rve  w h ich  is  d raw n w ith  the 
assum ption  that Z = 0. 0 a t the com m encem ent o f a t it ra t io n .  The in i t ia l  
va lues o f Z in  the co pp e r(II)-a sp a rag in a te  t itra t io n s  w e re  0 .3 7 , 0 .52  and 
0. 32 re s p e c tiv e ly .
The A h ^  va lues w e re  ca lcu la ted  by hand, and the re s u lts  obtained 
w e re  as fo llo w s .
A H ^  = -2 7 . 5 -  1. 0 kJ m o l 
A  Hg = -6 1 . 5 -  2. 0 kJ m o l ^
8(29 read ings) = 1 .0  
The entha lp ic  cu rve  is  shown in  F ig u re  9.
70
60
50
30
2 0
1 0
XMaanwj«nM(^ 9tacjl.i V» 
1 2
Figure 9. Enthalpic curve for the Cu 
A s p a ra g in a te  system.
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Heats o f fo rm a tio n  fo r  n ic k e l(II)-a s p a ra g in a te  com plexes.
These w e re  obta ined by t it ra t in g  sodium  hyd rox id e  (99. 96mM) in to  
n ic k e l(II)-a s p a ra g in a te  so lu tion s . The in i t ia l  vo lum e was 100. 0m l.
Tab le  13. C a lo r im e tr ic  re s u lts  fo r  the N i( II) -a s p a ra g in a te  system .
In i t ia l  [N i(IlJ  m M  4 .838  4 .848  7.277
In i t ia l  [asn] m M  14.26  7.733 28.63
In i t ia l  [H ] m M  17.28  10.75 33 .16
vo lum e  added (m l) heat evolved (jou les)
4 .0  6 .179  2.501
5 .0  2 .675
6 .0  4 .5 4 2  2 .651  3.001
7 .0  • 2 .525  2. 778
8 .0  5 .711 2 .499 2 .703
9. 0 2. 935 2, 883
10 .0  5 .925  2 .599  2 .391
1 1 .0  1 .417 2 .833
12 .0  51=612 3 .018
13 .0  2 .672
14 .0  5. 392 2. 642
16 .0  4 .337  5 .874
18 .0  1 .602 6.202
2 0 .0  5.742
The va lues of A H ^ ,  A ^ g  and Z\K^ ca lcu la ted  fro m  RW CALCR D 
and RWSOLV w e re  as fo llo w s  :
A H ^  = -1 7 .1 1  -  0 .40  kJ  m o l"^
A H g  = -4 3 . 45 -  0. 80 kJ m o f ^
A H g  = -6 3 . 00 -  1. 20 kJ m o f ^
8(28 readings) = 0 .40
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re 10 Enthalpic curve for th e  Ni 
Asparag ina te  system.
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Heats o f fo rm a tio n  fo r  c o b a lt(n ) ’-asparag inate  com plexes.
These w e re  obta ined by t it ra t in g  sodium  hyd rox id e  (120. OmM in  ^  
the f i r s t  e xpe rim en t and 125. OmM in  the o the rs ) in to  c o b a lt([I)-a sp a ra g in a te  
so lu tions . The in i t ia l  vo lum e  was 100. 0m l.
In i t ia l  [Co(II)| m M 4.696 7 .049 9.383 9.383 2.350
In i t ia l  [asn] m M 16.43 23.90 18.06 9. 948 8.088
In i t ia l  [ h ]  m M 22. 59 33.14 30.36 22.25 11.17
vo lum e added (m l) hea t evolved (jou les)
4 .0 (10.201) (10.201) (10. 054) (10. 348) 1. 913
5 .0 1.932
6 .0 (5. 552) (10. 604) (11. 054) (11. 454) 2.301
7 .0 1.162
8 .0 4 .998 (5. 915) (11. 678) (11. 729)
10 .0 5.145 4 .470 (5. 873) (7.068)
12.0 4. 818 4. 659 4 .024 4 .395
14.0 3. 829 4. 907 4.745 4 .476
16.0 3 .184 4. 996 4.447 4 .392
18 .0 2 .179 4. 526 5.141 2.514
20 .0 3 .752 4. 889
22 .0 3.007 4. 684
24.0 3 .176 3.411
P ro ce ss in g  the data in  RW CALCRD and RWSOLV gave the fo llo w in g
re s u lts .
A h ® = -1 1 . 95 -  0. 50 kJ  m o l" ^
A h ® = -2 6 . 71 -  1. 00 kJ m o l“ ^
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A h ® = -3 6 .4 0  -  1. 50 kJ m o l"^  
8(29 read ings) = 0. 50 
The entha lp ic  cu rve  is  shown in  f ig u re  11.
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Figure 11 Enthalpic curve fo r  the Co(n) 
Asparag ina te  system.
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Heats o f fo rm a tio n  fo r  iron(II)~asparap?inate com plexes.
Values o f H ° fo r  th is  sys tem  w e re  not obtained because of the j;? 
o x id a tive  s e n s it iv ity  o f the system . The c a lo r im e te r  desc ribe d  is  not 
designed to in c o rp o ra te  an in e r t  a tm osphere , hence i t  was no t p oss ib le  to 
m a in ta in  anoxic cond itions  ove rn ig h t. H ow ever the F e (H )-a m in o -a c id  
system s a re  cons ide red  s u ff ic ie n tly  im p o rta n t to w a rra n t c lo s e r in ve s tig a tio n  
o f the expe rim en ta l d if f ic u lt ie s  o f ob ta in ing  va lues of A h ^ ,  w ith  a v ie w  to 
m o d ify in g  the e x is tin g  c a lo r im e te r  o r co n s tru c tin g  a new one. F a ilin g  
tha t, i t  should be p oss ib le  to obta in  A  H ° va lues by one of the fo llo w in g  
m ethods :~
(a) The van’ t H o ff iso ch o re  m ethod (see C hapte r 2), w h ich  has been
su cce ss fu lly  used by R a ju  and M a thu r in  d e te rm in in g  A  H ° fo r  m e ta l
142com plexes o f se rin a  te and th reon ina te  . The a p p lic a b ility  o f th is  m ethod 
depends on A h ^  be ing constant o ve r a range o f tem pe ra tu res  (usua lly  
10-40°C ).
(b) The a lte rn a tiv e  c a lo r im e tr ic  m ethod of using  sealed am poules con ta in ing  
the m e ta l ion  so lu tion . The lig a nd  so lu tio n  is  a lre ad y  pos itioned  in  the 
c a lo r im e te r ,  and the am poule is  then in troduced  and b roken^usua lly  by the
s t i r r e r .  Th is  m ethod has been used by P e t t i t  et a l in  th e ir  m e ta l a m in o -
. . , 143ac id  stud ies
Heats o f fo rm a tio n  fo r  m anganese(II)-asparag ina te  com plexes.
These w e re  m easured  by t it ra t in g  sodium  hyd rox id e  (125. 0 m M ) 
in to  m anganese(II)-asparag ina te  so lu tions . P re c ip ita t io n  o c c u rre d  tow ards
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the end of the titrations.
Table  15. C a lo r im e tr ic  re s u lts  fo r  the M n (II)-a sp a rag in a te  system .
In i t ia l  [Mn(ll)3 m M 5.027 7.545 10.04 10.04
In i t ia l  [asnj m M 9.794 14.32 22.38 28.12
In i t ia l  [h ]  n iM 20. 53 20.39 33.78 39.52
vo lum e  added (m l) hea t evolved (jou les)
5 .0
6 .0 (12.055) 2 .451
7 .0 1.212
8 .0 (11. 933) 1 .479 (5. 762) (4. 590)
9 .0 1.390 (4. 891) 0 .772
10 .0 7 .796 1.247 0.884 0 .780
11.0 1 .154 1.102 0.787
12.0 1 .694 1.430 1.113 0.794
13.0 1 .122 0.855
va lues :
14 .0  2 .966
P ro ce ss in g  the data by R W CALCR D and RWSOLV gave the fo llo w in g
A H ^  = ~ 7 .2 6  Î  0 .75  kJ  m o l 
A H g  = -1 4 . 24 -  1. 50 kJ m o l 
8(21 read ings) = 0 .7 5  
The entha lp ic  cu rve  is  shown in  f ig u re  12.
1
o
Ë
2
C3
W
15
1 0
5
1 2
Z
Rgure 12. Enthalp ic curve fo r  the  Mn(n) 
Asparag inate system.
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The hom ologue "paradox^’
W hen T a n fo rd  and S ho re ''" w e re  m easu ring  fo rm a tio n  constants 
fo r  c o b a lt(n )-a m in o -a c id  com plexes, they found that the p ro to n a tio n  con­
s tan t fo r  the am ine s ite  of g lyc in a te  was lo w e r than the co rre sp on d ing  con­
s tan t fo r  the next h ig h e r hom ologue a lan ina te  (log ^  9. 69 and 9 .78
re s p e c tiv e ly ), bu t tha t the fo rm a tio n  constant fo r  C o (H ).g ly  was h ig he r 
+than fo r  C o (II) .a la  (log 4. 65 and 4. 27 re s p e c tiv e ly ). They could
o ffe r  no explanation  fo r  th is  obse rva tion .
The same phenomenon has been re p o rte d  by W ill ia m s  fo r  
29asparag ina te  and g lu tam ina te  , as i l lu s tra te d  in  the fo llo w in g  tab le .
Tab le  16. P ro to n a tio n  constants and fo rm a tio n  constants f o r  m e ta l ion  com plexes 
w ith  g lu tam ina te  (gin) and asparag inate  (asn).
M e ta l
ion
lo g  p) va lue  
fo r  g in  com plex
lo g  p  va lue  
f o r  asn com plex
D iffe re n c e  between 
lo g  p  va lues
H 9. 640 9.303 +0.337
M n(II) 2. 863 3 .102 -0 .  239
F e Ç l ) 4 .432 4 .366 +0.066
Co(H) 4 .518 4.903 -0 .3 8 5
N i (II) 5. 561 6.152 -0 .  591
Cu(H) 9.052 8.677 +0.375
Zn(E) 4. 826 5. 070 -0 .2 4 4
F ro m  T ab le  16 i t  can be seen tha t w hereas asparag ina te  has a 
lo w e r p ro to n a tio n  constant than g lu tam ina te , the 1:1 com plexes o f asparag ina te  
w ith  M n (n ), C o (II), N i(H ) and Zn(II) have h ig h e r fo rm a tio n  constants than 
fo r  g lu tam ina te  w ith  the sam e m e ta l io n s . A  fu r th e r  anom aly ex is ts  w ith
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the C u (II), and to a le s s e r extent the F e (II) , com plexes, w he re  the constants 
fo r  asparag ina te  a re  s m a lle r  than fo r  g lu tam ina te .
I t  was decided to in ve s tiga te  th is  phenonenon by c a lo r im e try ,  and 
acco rd in g ly  m easurem ents o f A h °  fo r  com plexes between g lu tam ina te  and 
n icke l(H ) and g lu tam ina te  and coppe r(II) w e re  made.
Heats o f p ro tona tion  fo r  g lu tam ina te .
These w e re  m easured  by t it ra t in g  ' sodium  h yd ro x id e  in to  ac id  
so lu tions of the a m in o -a c id . The in i t ia l  vo lum e was 100. 0m l and the 
concen tra tion  of the t i t r a n t  a lk a li was 449. 0 m M  in  the f i r s t  t i t ra t io n  and 
150. OmM in  the o th e rs .
-In it ia l [g ln j m M 39.10 24. 62 •24. 62 ■23.09
In i t ia l  [h ]  m M 39.10 38.04 38.04 39.18
vo lum e  added (m l) heat evolved (jou les)
2 .0 13.314 13.122
4 .0 5.199 13.438 11.525
6 .0 3.751 12.405 12.505
8 .0 1.275 13.677 2.346
10.0 4 .262 12.577 9.719 2.079
12 .0 0. 598 1.430 1 .165 2.330
14.0 2. 912 1.833 1 .294 2 .481
16.0 0.220 1.427 1.647 2 .361
18.0 1.175 1.565 2.347
20 .0 1 .308 0.966 2.445
22.0 1.388 1.272
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The data w e re  p rocessed in  R W C ALC R D  and RWSOLV and the 
re s u lts  w e re  as fo llo w s  ;
A  = -5 0 . 86 -  0. 50 k j  m o l"^
1A  = -5 5 . 28 -  1. 00 kJ  m o l 
6(85 read ings) = 0. 50 
The entha lp ic  cu rve  is  shown in  f ig u re  13.
60
50
V
1
"6
Ê
<3W 3 0I
10
1 2
Z
A g ure 13 Ln tha lp ic  curve for
Protonation of Glutaminate
I l l
Heats o f fo rm a tio n  fo r  n icke l(H )-g lu ta m in a te  com plexes.
These w e re  obta ined by t it ra t in g  sodium  hyd rox id e  (125. OmM) 
in to  N i(T I)-g lu tam inate  so lu tion s . The in i t ia l  vo lum e was 100. 0m l.
In i t ia l  [N i(II) l m M 9.682 9.682 7 .274
In i t ia l  j^ ln ] m M 18.54 27.39 23.26
In i t ia l  [ n ]m M 24.58 33.43 27.80
vo lum e  added (m l) heat evolved (jou les)
2 .0 (8.748) (9.325) (10.671)
4 .0 5.198 (6. 670) (8. 631)
6 .0 5.152 6.252
7 .0 8. 889
8 .0 5.253 2.499 5. 966
10.0 5.613 5. 509 5.769
12.0 5. 559 5.612 5.877
14.0 5.570 5,608 6.201
16 .0 5.325 5.984 6 .478
18.0 6.258 6.091
20 .0 6.709 5.344
22 .0 6. 245 2.949
24. 0 4. 940
The data w e re  p rocessed  by RW CALCRD and RWSOLV and 
the heats o f fo rm a tio n  w e re  :
A H °  = -1 3 . 28 -  0. 60 kJ  m o f ^
A H g  = -3 6 .0 9  -  1. 20 kJ  m o l"^
A - - 5 4 . 7 5  -  1 .80  kJ  m o l“ ^
8(24 readings) = 0. 60 
The en tha lp ic  cu rve  is  shown in  f ig u re  14.
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Figure 14. Enthalpic curve for the Ni la) -  glutaminate
system.
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Heats o f fo rm a tio n  fo r  c o p p e r(II)-g lu ta m in a te  com plexes.
These w e re  obta ined by t i t ra t in g  sodium  hyd rox id e  (125. OmM) in to  
so lu tions  o f C u (II)-g lu ta m in a te . The in i t ia l  vo lum e was 100. 0 m l. ^
In i t ia l  CCu(II)] m M 7.139 9. 503 9. 503
In i t ia l  [g l i^  m M 15.17 19.26 19.65
In i t ia l  [ h ]  m M 21.19 27.28 27.66
vo lum e  added (m l) heat evolved (jou les)
2 .0 8 .412 8. 652 8 .988
4 .0 11.476 8.533 7.945
6 .0 10.304 9.554 8.953
8. 0 9. 536 9.842 9. 893
10.0 6.627 9.511 8. 939
12.0 7 .624 8.207 9.213
14.0 7.927 8. 520 9. 059
16 .0 7.906 8.070 7 .576
18.0 1.229 7.487 7 .264
2 0 .0 6.367 7.107
22 .0 4.973
L ik e  the co pp e r(II)-a sp a ra g in a te  system , the co p p e r(II)-g lu ta m in a te  
sys tem  did no t g ive  m ean ing fu l constants when processed  by RW CALCRD and 
RW SOLV.
The constants th e re fo re  had to be obtained g ra p h ic a lly .
The re s u lts  w e re  : A h ^  = -1 6 . 5 -  1 .0  kJ  m o l” ^
A  Hg = -4 2 . 5 - 2 . 0  kJ  m o f^
8(30 readings) = 1. 0 
The entha lp ic  cu rve  is  s h o w  in  f ig u re  15.
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F igure 15 Enthalpic curve fo r  the  Cu(n) 
Glutaminate system
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C om parison  w ith  o the r w o rke rs *  re s u lts .
A lthough the re  has been a lim ite d  am ount of p o te n tio m e tric  w o rk  
done on m e ta l asparag ina te  sys tem s, the re  a re  v e ry  few  c a lo r im e tr ic  
re s u lts  fo r  the same sys tem s. The fo llo w in g  a re  the l i te ra tu r e  va lues so 
fa r  re p o rte d
Cu(n). asn. ^  A H ^  = -2 6 . 3 kJ  m o l  ^(G erge ly e t a l^^^ )
Cu(H). asUg = -5 3 . 9 kJ  m o l ^ (G ergely e t a l^^^ )
A H ^  = -4 7 .2  kJ  m o l ^ (Barnes and P e tt it^ ^ ^ )
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C hapte r 7. TER N AR Y  C O M PLEXES
T e rn a ry  com plexes in  v iv o  and in  v i t r o
I t  was m entioned in  C hapte r 1 tha t d u ring  S a rk a r’ s w o rk  on copper
tra n s p o rt he found lo w  m o le c u la r w e ig h t ligands w h ich  could  com pete w ith
a lbum in  fo r  the b ind ing  o f co pp e r(11)^^. F u r th e r  expe rim en ts  revea led
tha t these ligands w e re  a m in o -a c id s , o f w h ich  h is t id in a te  was the m o s t
im p o rta n t, fo llow ed  by th reon ina te  and g lu tam ina te . The te rn a ry  com p lex
22C u (H ).h is . th r . was id e n tif ie d  d u r in g  the course  o f th is  w o rk  , and was
c lo s e ly  fo llow ed  by the d isco ve ry  o f o th e r te rn a ry  species, in c lu d in g  those
23between a lbum in , copperÇtl) and h is tid in a te  o r  th reon inate  . In  the
a lbum in  te rn a ry  species, a lb um in  b inds to copper through the N - te rm in a l 
24aspa rta te  re s id ue  .
A  com p lex between copper, h is tid in a te  and g lu ta m in a te , the next
25h ig h e r hom ologue o f asparag ina te  has a lso  been d iscove red  , and the re  is  
no reason  to doubt that s im i la r  species w ith  asparag ina te  w i l l  even tua lly  be 
detected.
A s p a r t  o f th e ir  w o rk  on the in vo lvem en t of b io lo g ic a lly  im p o rta n t 
ligands in  te rn a ry  com p lexes, S a rka r et a l made an in  v i t r o  p o te n tio m e tr ic  
in ve s tig a tio n  o f the fo rm a tio n  o f com plexes between C u (ll) , h is t id in a te , and g lu ta ­
m ina te  o r  serinate^"^"^. They found that the te rn a ry  species had h ig h e r 
s ta b il ity  constants than tlie  p a re n t b in a ry  species B A ^ . T h is  phenomenon 
has been noted by se ve ra l re se a rch  groups in  the la s t 10-15 y e a rs . M a rt in  
and P a r is ^ ^ ^  and P etit~R a.m el and P a r is ^ ^ ^  observed tha t B A A ^  was m o re
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1 1stab le  than e ith e r B A ^ o r  B A ^  (A and A  w e re  any-two a m in o -a c id s  and B
was co pp e r(II)), bu t o ffe re d  no exp lana tion  fo r  t l i is  phenomenon.
97 147P e r r in  e t a l ’ observed  tha t in  th e ir  te rn a ry  com p lex  s tud ies 
fo rm a tio n  o f the te rn a ry  com plexes was m o re  favou rab le  than the 
s ta t is t ic a l case (see C hapte r 8), and tha t th is  e ffe c t was m o re  s ig n if ic a n t
in  Cu(H) com plexes than N i( II) , p r im a r i ly  fo r  s te r ic  reasons.
148Gergely_et_al have m ade an extensive  su rvey  o f com p lex  fo rm a ­
tio n  between coppe r(II) and two a m in o -a c id s . They found tha t although 
copper (E l)-g lye ina te  had a h ig h e r s ta b il ity  constant than any o th e r co pp e r- 
a m in o -a c id  com p lex , the p resence  of g lye ina te  in  a te rn a ry  com p lex 
d e s ta b ilise d  the com p lex . T h e ir  exp lana tion  fo r  th is  was tha t the bond 
angles w e re  d is to rte d  and bond lengths inc reased  in  the g lyc in e -co n ta in in g  
te rn a ry  species.
In  the p re se n t w o rk , th ree  te rn a ry  system s w e re  exam ined. These 
w e re  C u (II) .h is . t h r . , and two sys tem s so fa r  undetected in  v iv o , C u (II). asn. 
h is , and C u (II).a sn . th r .  The techniques used to study these system s w e re  
those w h ich  w e re  em ployed in  the p re v io u s  b in a ry  com p lex s tudy, nam ely  
p o te n tio m e try  and c a lo r im e try ,  in  3. OOM(Na)C10^ a t 25. 0 ^0 .
A s fa r  as com puta tiona l aspects w e re  concerned, SCOGS o r  
M IN IQ U AD  could  be used to re f in e  the fo rm a tio n  constants obta ined fro m  the 
p o te n tio m e tr ic  m easurem en ts , bu t RW CALCR D in  its  e x is tin g  fo rm  could  
not handle te rn a ry  spec ies , so i t  was decided to ca lcu la te  the heats of 
fo rm a tio n  by hand. The m ethod of ca lcu la tio n  w i l l  be desc ribe d  la te r  in
118
th is  chap te r.
B e fo re  the study o f the te rn a ry  system s was begun, som e p re ­
l im in a ry  w o rk  on tlire o n ina te  p ro to n a tio n  and com p lexa tion  w ith  coppe r(II) 
in  3. 00M (Na)C lO ^ a t 25^C had to be c a r r ie d  out, as the re  w e re  no l i te ra tu r e  
value&of fo rm a tio n  constants fo r  these species under these cond itions . 
P ro to n a tio n  constants fo r  the th reon ina te  ion .
Each p ro to n a tio n  was stud ied  independently , and in  o rd e r  to achieve 
th is , ligand  so lu tions w ith o u t any added m in e ra l ac id  o r  a lk a li w e re  
t it ra te d  w ith  p e rc h lo r ic  ac id  o r  sodium  hyd rox id e  to p roduce  the fo rm a tio n  
cu rve  w h ich  was cons truc ted  u s in g 'R W Z P LO T . The fo rm a tio n  cu rve  was 
independent of the lig a nd  co nce n tra tio n , hence p o lynu c le a r species w e re  
assum ed to be absent.
The a na lys is  o f the data us ing  SCOGS gave the fo llo w in g  constants :
101lo g  p  ^  = 9 .348  -  0 .006
lo g  = 11.925 -0 .0 0 8
8(115 read ings) in  t i t r e  = 0. 251
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Table 20 P ro to n a tio n  constants fo r  the threo3iinate anion
T it ra t io n L igand . M in e ra l ac id  co ncen tra tion In it ia l
num ber conce n tra tio n  m M  in  t i t r a n t  m M vo lum e  (m l) (m V)
1 24.75 -3 9 .9 0 24. 97 411 .4
2 24.75 ' 39. 67 24. 97 411 .6
3 34. 63 -3 9 . 90 24. 97 411 .1
4 34. 63 39. 67 24.97 411 .6
5 11.43 75.15 24. 97 411 .9
N egative  acid  concen tra tions  in  co lum n  3 re fe r  to a lk a li.
T it ra t io n  No. 1 T it ra t io n  No. 1 T it ra t io n  No. 2
contd. contd.
v o l. e. m . f . v o l. e. m . f . vo l. e. m . f .
added (m l. ) (mV) added (m l.)  (mV) added (m l. ) (mV)
0 .00 28.3 7 .0 0  -1 3 9 .1 2 .5 0 211. 9
0 .10 —18. 4 8 .00  -1 4 5 .5 3 .00 217 .4
0 .20 -3 4 .7 9 .00  V 151 .8 3 .5 0 222 .0
0 .30 -4 5 .0 10 .00  -1 5 8 .5 4 .0 0 226. 5
0 .40 -5 2 .7 T it ra t io n  No, 2 5 .00 233.7
0. 50 -5 8 .1 6 .00 239. 8
0 .70 -6 7 .0 0 .00  28 .9 7 .0 0 245.3
1 .00 -7 6 .6 0 .10  107.5 8 .00 250.2
1. 50 -8 7 .9 0 .20  136.3 9 .00 254.7
2. 00 -9 6 .0 0 .30  149.8 10.00 258. 9
2 .50 -1 0 2 .7 0 .40  158.8 11.00 262. 6
3 .00 -1 0 8 .3 0 .50  165.5 12.00 266. 1
3 .50 -1 1 3 .2 0 .70  175.4 13. 00 269. 6
4 .0 0 -1 1 7 .6 1 .00  185.7 14. 00 272.7
5 .00 -1 2 5 .4 1. 50 197.2
6, 00 -1 3 2 .5 2 .0 0  205.5
Titration No. 3
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Titration No. 4 Titration No. 5
contd.
v o l. 
added (m l. )
e .m . f .
(mV)
v o l. 
added (m l. )
e .m . f ,
(mV)
vo l. 
added (m l. )
e .m . f
(mV)
0.00 39.3 , 0 .00 48. 8 0 .40 197.3
0 .10 —6, 4 0 .10 117.7 0. 50 203.8
0 .20 -2 3 . 9 0 .20 139. 9 0. 60 209. 0
0 .30 —34.4 0. 30 152.2 0 .80 217.5
0 .40 -4 2 . 3 0 .40 160.2 1 .00 224.3
0 .50 -4 7 .9 0 .50 166.5 1 .20 229.9
0 .7 0 ' -5 6 . 9 0 .70 176.1 1 .40 234.9
1 .00 -6 6 .4 1 .00 186. 1 1 .60 239.1
1 .50 -7 7 .5 1 .50 197.3 1. 80 243.0
2 .0 0 -8 5 .4 2 .00 205 .3 2 .00 246.6
2 .50 -9 1 . 8 2 .50 211 .6 2 .50 254.3
3. 00 -9 7 .1 3. 00 216 .9 3. 00 260. 9
3 .50 -1 0 1 .6 3. 50 221 .4 4 .0 0 271.8
4 .0 0 -1 0 5 .7 4 .0 0 225 .4 5 .00 280.2
5 .00 -112. 8 5. 00 232.2
6. 00 -118 . 9 6 .00 •238.0
7 .0 0 -1 2 4 .3 7 .00 243.1
8.00 -1 2 9 .3 8 .00 247.7
9. 00 -1 3 4 .0 9. 00 251 .8
10.00 -138 . 6 10. 00 255.7
11. 00 -1 4 2 .9 12.00 262 .5
12 .00 -1 4 7 .2 14.00 268.7
13. 00 -1 5 1 .5 16.00 274.3
14.00 -1 5 5 .9 18.00 279 .4
15.00 -160 . 5 T it ra t io n  No. 5
16. 00 -165 . 3 0. 00 33 .5
17.00 -1 7 0 .4 0 .10 156.2
18.00 -1 7 6 ,1 0 .20 177.7
19.00 -1 8 2 .5 0 .30 189.1
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Formation constants for copper(II)-threoninate complexes
These w e re  m easured  by  t it ra t in g  sodium  h yd rox ide  in to  co p p e r(II)-  
th reon ina te  so lu tions . r7
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T itra t io n No. 1 T it ra t io n  No. 2 
contd.
T it ra t io n
contd.
No. 3
v o l.
Ided (m l. )
e .m . f .
(mV)
vo l. 
added (m l. )
e. m . f .
(mV)
. v o l.  
added (m l.)
e .m . f .
(mV)
0.80 244.2  . 3 .00 218.4 6 .50 227 .3
1.00 242. 5 3 .20 215.3 7 .0 0 223.8
1.50 237 .8 3 .40 212.2 7 .50 220.3
2 .00 232.8 3 .60 208.8 8.00 216.4
2 .50 227.2 3 .80 205.2 8. 50 212.3
3.00 221.1 . 4 .0 0 201.5 9 .00 207. 9
3 .50 214.0 4 .4 0 192.6 9.50 203.3
4 .0 0 206. 0 4 .6 0 188.5 10. 00 198.0
4. 50 196.8 4 .8 0 183.6 T it ra t io n  No. 4
5. 00 186.0 5 .00 178.3 0.00 266.7
5 .50 173.4 5 .20 • 172.6 0.50 264.2
6.00 158. 8 5 .40 166.6 1.00 261.3
6. 50 141.4 5 .60 160.1 1 .50 258 .4
7.00 120. 8 5 .80 153.1 2. 00 255.3
T it ra t io n  No. 2 6 .00 145.6 2.50 252.1
0 .00 250. 6 6 .20 137.3 3 .00 248 .8
0 .20 249.1 6 .40 128.2 3 .50 245.3
0 .40 247 .4 6.60 118.1 4. 00 241.7
0. 60 245.6 T it ra t io n  No. 3 4 .5 0 237 .9
0 .80 243.8 0 .00 260.9 5 .00 233 .9
1 .00 241.9 0 .50 258.8 5 .50 229.5
1 .20 239.9 1 .00 256.5 6 .00 225 .0
1 .40 237 .8 2 .00 251.9 6. 50 219. 8
1 .60 235. 8 3 .00 247.1 7.00 214.3
1 .80 233.6 3 .50 244.6 7 .50 208.2
2 .00 231.3 4 .0 0 242.0 8. 00 201.4
2 .20 228.9 4 .5 0 239.3 8. 50 193.6
2 .40 226.4 5 .00 236 .5 9 .00 184.5
2. 60 223. 9 5 .50 233.5 9.50 173.6
2 .80 221.2 6. 00 230. 5
Titration No. 5
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Titration No. 5
contd.
Titration No. 6
contd.
v o l. 
added (m l. )
e. m . f .
(mV)
vo l. 
added (m l.)
e. m . f ,  
(mV)
vo l. 
added (m l.)
e .m . f
(mV)
0 .00 284.0 19. 00 218.3 13.00 211.1
1 .00 281.1 20.00 212.7 14. 00 204.9
2 .00 278.2 21.00 206.4 15. 00 198.0
3 .00 275.3 22. 00 199. 3 16.00 190.2
4 .0 0 272.3 23.00 191. 0 17. 00 181.5
5 .00 269.3 T it ra t io n  No. 6 17.50 176.8
6 .00 266.3 0 .00 261.9 ,18. 00 171.8
7 .00 263.3 1. 00 258. 9 18. 50 166.4
8 ,00 260.3 2 .00 255. 8 19. 00 160.7
9 .00 257.2 3. 00 252. 6 19.50 154.5
10 .00 254.0 4 .0 0 249.3 20.00 148.1
11.00 250.7 5 .00 246. 0 20.50 141.0
12.00 247.4 6. 00 242 .5 21.00 133.3
13. 00 243. 9 7 .00 239. 0 21 .50 124.8
14.00 240.3 8 .00 235.1 22 .00 115.3
15.00 236.4 9. 00 231. 0 22 .40 106.7
16. 00 232.4 10.00 226.7 22 .80 97.2
17.00 228.1 11.00 222 .0 23 .20 85.8
18. 00 223.4 12.00 216 .8
The data w e re  p rocessed in  SCOGS and as h yd roxy  com plexes a re  a lw ays 
a p o s s ib il ity  in  a copper system  a search  fo r  such species was conducted.
H ow ever none could be found, w h ich  is  in  agreem ent w ith  the w o rk  o f Sharm a 
and the system  could be defined by on ly  two constants, w h ich  a re  as fo llo w s .
lo g  p 110= 8. 597 -  0. 006
+lo g  p  16.031 -  0 .013 
8(141 read ings) in  t i t r e  = 0.178
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O the r l i te ra tu re  va lues fo r  these system s
(a) P ro to n a tio n  of th reon ina te .
Table  22 O the r w o rke rs * re s u lts  fo r  the p ro tona tion  o f th reon ina te
P 101 P 102 T e m p e ra tu re  and m ethod Ion icbackground R eference
9.348 11.925 ZS^^gl
i
3. OOM T h is  w o rk
9.12 20° g l —^  0 71
9. 00 25° po l 0. 06M 150
9. 00 25° po l 0. 06M 151
8. 86 11.10 20° g l l.OOM 152
9.26 11.47 20° g l 0 c o r r  1
153
9. 01 11.15 30° g l 0 c o r r  J
9 .26 11. 58 15° g l 0 .20M 1
9. 03 11.35 25° g l 0 .20M } 142
8.71 11. 01 4 0 ° g l 0 .20M )
8. 96 11.18 25° g l 0. lOM 154
8. 98. 11.15 25° g l 0 .05M , 148
. 8 .954 11.163 25° g l 0 .15M 143
g l = m easurem ent by g lass e lec trode  p o te n tio m e try
po l = m easurem en t by po la ro g ra ph y
0 c o r r  = m easurem ent c o rre c te d  to  ze ro  io n ic  background
0 = m easurem en t ex trapo la ted  to ze ro  io n ic  background
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(b) C opper -  th reon ina te  system
T ab le  23. O ther w o rk e rs ' re s u lts  fo r  the com p lexa tion  o f C u(II) w ith  th reon ina te
P  n o ■ P  210 T e m p e ra tu re  and m ethod
Ion ic
background R eference
8. 597 16.031 25° g l 3. OOM T h is  w o rk
14. 54 25°po l 0. 06M 151
8 .44 15.40 20° g l —>0 153
8.41 15.32 20° g l — >0
8.03 14.77 25° g l 0 .05M 148
8.20 14. 94 15° g l 0 .2 0 M "
8. 06 14.70 25° g l 0 .20M f . 142
7 .87 14. 34 40° g l 0. 20M ,
7. 55 14. 01 37° g l 0 .15M . 146
8. 010 14.585 25° g l 0 .1 5 M 143
F o rm a tio n  constants fo r  co p p e r(II)-a sp a ra g in a te -th re o n in a te  com plexes.
T h is  was the f i r s t  o f the te rn a ry  system s to be s tud ied , and a lso 
the s im p le s t, in  that the re  w e re  on ly  fo u r  b in a ry  m e ta l lig a nd  species 
a lso  p resen t in  the system . The usual p o te n tio m e tr ic  p ro ce d u re  was 
adopted, sodium  hyd rox id e  be ing t it ra te d  in to  a so lu tio n  o f copper ions and 
the two ligands , w h ich  w e re  u su a lly  (although not a lways) in  e q u im o la r 
q u a n titie s . A  to ta l o f s ix  t it ra t io n s  w e re  p e rfo rm e d , the la s t  one be ing a t 
constant ligand  concen tra tion .
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The concen tra tion  o f the t i t r a n t  a lk a li was 39. 99 m M  in  t it ra t io n s  1
and 2 and 39". 94 /mM in  t it ra t io n s  3 -5 ,
The in it ia l concen tra tions in  t i t r a t io n  No. 6 w e re  as fo llo w s ;
In  ve sse l ; |c li(II}]=  5. 767mM ; ^ h r ]  = 5 .706m M  ; {^ s i^  = 5. 86OmM {[m in e ra l ac id ]
4 .736m M
In  b u re tte  : -Q h i^  = 5. 7 l3 m M  ; g a s i^  = 5. 887mM ; [OH*"3 = 50.04 m M  
In i t ia l vo lum e  was 24. 98 m l and was 415. 2 m V .
T it ra t io n  No. 1 T it ra t io n  No. 1 
contd.
T it ra t io n  No. 2 
contd.
v o l. 
added (m l. )
e .m . f .
(m V)
voL  
added (m l.)
e .m . f .
(mV)
. v o l.
added )m l. )
e. m . f  
(mV)
0 .00 228.6 4 .4 0 1 .1 7 .50 185.3
0 .40 224.7 4 .5 0 -2 9 .2 8. 00 175.7
0. 80 220.4 4 .6 0 -4 3 . 8 8 .20 171.5
1 .20 215.8 4 .7 0 -5 3 .5 8 .40 167.1
1 .60 210.4 4. 80 -6 0 .7 8 .60 162.5
2 .00 204.2 4 .9 0 -6 6 .4 9 .0 0 . 152.6
2 .4 0 197.0 5 .00 -7 1 .2 9 .20 147.2
2 .8 0 188.4 T it ra t io n  No. 2 9 .40 141.5
3 .00 183.4 0. 00 258.7 9 .60 134.7
3 .20 177.3 0 .40 256 .4 9 .80 129. 0
3 .40 170.7 0. 80 253.9 10. 00 122.0
3 .50 166.9 1 .00 252 .6 10.20 115.6
3 .60 162.6 2 .00 245 .8 10.40 ■ 107.3
3 .70 157.8 3 .00 238 .4 10.60 97.5
3 .8 0 152.3 4. 00 230. 0 10. 80 86.0
3. 90 145.6 5 .00 220.2 11.00 71 .5
4. 00 137.2 5 .50 214.5 11.10 61.8
4 .1 0 126.2 6 .00 208 .5 11.20 50.8
4 .2 0 108.2 6. 50 201 .6 11.30 35.6
4 .3 0 69.4 7 .00 194 .0 11.40 15 .6
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Titration No. 2
contd.
Titration No.
contd.
Titration No.
contd.
v o l. 
added (m l.)
e, m . f .  
(mV)
v o l. 
added (m l. )
e. m . f .
(mV)
v o l. 
added (m l. )
e .m . f
(mV)
11.50 —4 .4 15.20 115. 0 16.00 160.7
11.60 -1 7 .5 15.40 108. 9 16.50 153. 0
11.80 -3 5 .6 15.60 102.3 16.80 148.2
12. 00 -5 2 .4 15.80 95.0 17.10 143.0
12.50 -1 2 3 .7 16.00 86.8 17.40 137.4
T it ra t io n  No. 3 16.20 76.7 17.70 131.4
0. 00 261.9 16.40 64.9 18. 00 125. 1
1 .00 258.0 16.60 49. 5 18.30 118.2
2 .00 253.7 16. 80 27.7 18.70 107.8
3 .00 249.1 17. 00 -2 7 .2 19 .00 98.8
4 .0 0 244. 2 T it ra t io n  No. 4 19. 50 80.7
5 .00 238.9 0 .00 266.2 20. 00 55. 2
6 .00 233.1 1 .00 262. 7 20.40 2 2 .6
7 .00 266. 7 2. 00 259.0 20. 80 -6 8 .9
8 .00 219.4 3 .00 255.1 21.60 -1 4 9 .5
9 .00 211.1 4 .0 0 251.1 22.00 -1 6 2 .0
10. 00 201.4 5 .00 246.9 T it ra t io n  No. 5
10 .50  ” 196.4 6 .00 242.4 0 .00 269. 2
11.00 190. 6 7 .0 0 237.6 1.00 266.3
11.50 184.2 8 .00 232. 5 2 .00 263.1
12. 00 177.5 9 .00 226.8 3 .00 259. 9
12.40 171. 6 10.00 220. 5 4 .0 0 256.5
12,80 165.6 11.00 213. 5 5. 00 253 .0
13.20 158.7 12. 00 205. 5 6 .00 249.5
13.60 151.6 13.00 196.4 7 .00 245.7
14.00 143.8 14. 00 186. 1 8 .00 241 .8
14.40 135.3 14. 50 180.4 9 .00 237 .6
14.80 125.8 15.00 174. 2 10.00 233.1
15. 00 120.6 15. 50 167.6 12. 00 223.2
129
T itra t io n  No. 
contd.
5 T it ra t io n  No. 6 T it ra t io n  No. 6 
contd.
v o l. 
added (m l. )
e .m . f .
(mV)
vo l. 
added (m l. )
e. m . f .
(mV)
v o l. 
added (m l. )
e. m . f  
(mV)
13.80 212.5 0 .00 255.5 7 .00 148.7
14.50 207.7 0 .40 252.4 7 .20 142.0
15.00 204. 0 1 .00 247.5 7 .40 134.7
15.50 200.2 1.50 243.0 7 .60 126.4
16.60 196.1 2 .00 238.0 7 .70 121.7
16. 50 191.8 2 .50 232.8 7 .8 0 116.7
17 .00 187.3 3. 00 227.2 7 .90 111.2
17.50 182.4 3 .50 220.9 8 .00 105. 0
18.00 177.3 4. 00 214.0 8 .10 97.4
18.50 171.9 4 .2 0 211.0 8 .20 88.2
19.00 166.1 4 .4 0  ‘ 207.9 8 .30 76. 1
19. 50 160. 0 4. 80 201.1 8 .40 57.8
20.00 153.4 5 .00 197.4 8.50 18.9
20.50 146.6 5 .20 193.6 8 .60 -5 1 .4
21. 00 138.9 5 .40 189.6 8 .70 -7 4 .7
21 .50 130.3 5 .60 185.4 8 .80 -8 7 . 6
22 .00 120.6 5 .80 180.9 8. 90 -9 6 .9
22 .50 109.6 6 .00 176.3 9 .00 -1 0 4 .1
23.00 96 .5 6 .20 171.3
23 .50 80.3 6 .40 166.2
24. 00 58.3 6 .60 160.7
24.60 15.8 6 .80 154.8
Z?
The data was analysed us ing  SCOGS and the fo llo w in g  te rn a ry  species 
was d iscovered :
C u (II). asn. th r .  , lo g  jS = 16.471 -  0. 026 
8(198 read ings) in  t i t r e  = 0. 295
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Formation constants for copper (Il)-asparaginate-histidinate complexes
The C u(II). a sn .h is . system  was m o re  com p lex , because o f the ex is tence
of se ve ra l p ro tonated  b in a ry  h is tid in a te -c o p p e r species. T h e re  was th e re fo re
the p o s s ib il ity  of fo rm a tio n  o f a p ro tona ted  te rn a ry  species.
The b in a ry  h is tid in a te  constants used w e re  those w h ich  had been obtained
26-27p re v io u s ly  in  th is  la b o ra to ry  . The fo rm a tio n  constants o f the te rn a ry  
com plexes w e re  m easured  by t it ra t in g  sodium  h yd rox id e  in to  so lu tions  
con ta in ing  an a pp ro x im a te ly  1 : 1 : 1  m o la r  ra t io  o f C u(II) : asn : h is .
Table  25. P o te n tio m e tr ic  re s u lts  fo r  the C u(II). asn. his., system
tra t io n
amber
C c u (n ) ]
m M
[ h i s ]
m M
C a s n l
m M
M in e ra l 
„  ac id  
m M
t i t r a n t j ^ H ^
m M
In it ia l 
v o l.  (m l) (m V)
1 2 ,309 2. 609 2. 557 1. 897 39. 92' 24.97 4 12 .9
2 4 .630 4. 626 4 .921 3. 802 39. 92 24.97 413 .1
3 6. 958 7.140 7 .1 4 0 , 5. 714 39. 92 24.97 4 13 .1
4 9.250 9.283 9.395 ■ 7. 597 39. 92 24.97 411. 8
5 23.13 23. 09 23.13 19.00 79. 90 24. 98 4 12 .8
6 13.88 14.25 14.06 1 1 .4 0 . 79.90 ' 24.97 4 11 .6
7 23.16 24. 62 ,24.55 1 9 .0 2 . 399. 5 24. 97 4 05 .0
8 23.16 24. 62 24. 55 19.02 249.9 24. 97 4 07 .0
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T it ra t io n  No. 1 T it ra t io n  No. 
contd.
1 T it ra t io n  No. 
contd.
2
v o l. e .m . f . v o l. e .m . f . v o l. e .m . f .
added (m l. ) (mV) added (m l. ) (mV) added (m l. ) (mV)
0. 00 215.4 2 .90 100.9 4 .0 0 157.0
0 .10 212.6 3 .00 96.0 4 .2 5 151.3
0 .20 209.5 3 .10 90.7 4 .5 0 145.7
0 .30 206.5 3 .20 85.1 4 .7 5 140.1
0 .40 203.3 3 .30 78 .9 5 .00 134.5
0 .50 199.8 3 .4 0 72.1 5 .25 128.8
0. 60 196.4 3. 50 64.2 5 .50 123.1
0 .70 192.7 3 .60 54.5 5 .75 117.4
0. 80 188.9 3 .70 4 1 .0 6 .00 111.3
0. 90 184.9 3 .80 27 .6 6 .20 106.1
1 .00 180.9 3 .90  . 8 .1 6 .40 100.8
1 .10 176.6 4 .0 0 -1 8 .3 6 .60 95.3
1 .20 172. 5 T it ra t io n  No. 2 6. 80 89.3
1 .30 168.4 0 .00 229.5 7 .00 82.9
1 .40 164.0 0 .25 227 .0 7 .20 75.7
1 .50 159.9 0 .50 223. 9 7 .30 71. 6
1.60 155.7 0 .75 220 .5 7 .4 0 67.7
1 .70 151.6 1 .00 217 .0 7 .50 63.3
1 .80 147.5 1 .25 213.1 7 .6 0 58.4
1 .90 143. 3 1 .50 209.1 7 .80 4 8 .0
2. 00 139.4 1 .75 204 .8 8 .00 34.7
2 .10 135.2 2 .00 200.3 8 .20 17.1
2 .2 0 131.1 2 .25 195.4 8 .40 -1 1 .7
2 .30 127.0 2 .50 190.4 8 .60 -1 0 3 .6
2 .40 123.0 2 .75 185.0 T it ra t io n  No. 3
2 .50 118.8 3. 00 179.7 0 .00 233.3
2 .60 114.5 3 .25 174. 0 0 .25 231.3
2 .70 110.1 3. 50 168.4 0 .50 229 .2
2 .80 105.6 3 .75 162.7 0 .75 227 .0
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T itra t io n  No. 
contd.
3 T it ra t io n  No. 
contd.
3 T it ra t io n  No. 
contd.
4
v o l. e. m . f. v o l. e .m . f . v o l. e. m . f
added (m l, ) (mV) added (m l. ) (mV) added (m l. ) (mV)
1 .00 224.7 11.00 60.2 10. 50 127.9
1.40 220. 8 11.20 53.2 11.00 121.3
1 .70 217.7 11.40 4 5 .2 11.50 114.5
2 .0 0 214.4 11.60 36 .2 12.00 107.4
2 .40 209.7 11. 80 25 .4 12.50 99 .9
2 .8 0 204.7 12.00 12.1 13. 00 91 .8
3 .20 199.4 12.20 - 7 .2 13.20 88.3
3 .60 193.7 12.40 -4 5 .4 13.40 84 .6
4 .0 0 187.8 T it ra t io n  No . 4 13. 60 80.8
4 .4 0 181.5 0. 00 240.0 13.80 76.7
4. 80 175.1 0 .50  . 237.1 14.00 72 .5
5 .20 168.6 1 .00 233.8 14. 20 67.9
5 .60 162.1 1 .50 230.3 14.40 62.9
5 .80 158.8 2 .0 0 226.6 14.60 57.7
6 .10 153. 9 2 .50 222.6 14. 80 51.9
6 .40 149.0 3 .00 218.4 15.00 4 5 .5
6 .70 143.9 3 .50 213.8 15.20 38.3
7 .00 139.3 4 .0 0 208.8 15.40 30.1
7 .30 134.5 4 .5 0 203.6 15. 60 20 .8
7 .60 129.8 5. 00 198.1 15. 80 9 .2
7 .90 125.0 5 .50 192.2 16. 00 - 6 .8
8 .20 120.1 6 .00 186.1 16. 20 -3 3 .4
8. 50 115,0 6 .50 179.8 T it ra t io n  No. 5
8 .80 109.8 7 .0 0 173.3 0, 00 254.3
9 .10 104 .5 7 .50 166.7 1. 00 249.6
9 .4 0 . 98.9 8. 00 160.2 2. 00 244.5
9 .70 92.9 8. 50 153.6 2. 50 241.8
10 .00 86.5 9 .00 147.2 3. 00 238.9
10.30 80.2 9 .50 140.8 3 .50 235. 9
10. 60 72.0 10.00 134.2 4 .0 0 232.7
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T itra t io n  No. 
contd.
5 T it ra t io n  No. 
contd.
5 T it ra t io n  No. 
contd.
6
, vo l.. e. m . f. v o l. e. m . f . v o l. e .m .f,
added (m l. ) (mV) added (m l.) (mV) added (m l.) (mV)
4 .5 0 229. 3 18.20 74.3 5 .20 182.5
5 .00 225. 8 18.40 7 0 .4 5 .40 179.0
5 .50 222. 0 18.60 66.2 5 .60 175.4
6 .00 218.1 18.80 61.6 5 .80 171.8
6 .50 213. 8 19.00 56. 8 6 .00 167.6
7 .00 209.2 19.20 51.6 6 .20 164. 6
7. 50 204. 8 19.40 45. 8 6 .40 160. 9
8 .00 200. 0 19.60 39.6 6. 60 157.3
8. 50 194. 8 19.80 32 .4 7. 00 150.1
9. 00 189.4 20 .00 24 .3 7 .20 146.4
9 .50 183. 9 20 .20  ' 15. 5 7 .40 142. 9
10.00 178.2 20.40 4 .2 7 .60 139.3
10, 50 172.8 20.60 -1 1 .8 7 .80 135.7
11.00 166.9 20 .80 -3 7 .5 8. 00 132.1
11. 50 161.0 T it ra t io n  No. 6 8 .20 128.5
12.00 155.2 0 .00 245.3 8 .40 124.7
12. 50 149.1 0, 50 241. 6 8 .60 121.1
13.00 143.6 1 .00 237.4 8 .80 117.3
13.50 137. 9 1 .50 232. 8 9. 00 113.5
14.00 132.1 2 .00 227. 8 9 .20 109. 5
.14 .50 126.4 2 .50 222.3 9 .40 105.4
15. 00 120.4 3 .00 216.3 9 .60 101.3
15.50 114.3 3 .50 209. 5 9 .80 96. 9
16.00 108.1 4 .0 0 202.3 10.00 92.2
16.50 101.4 4 .2 0 199.2 10.20 87. 6
17.00 94.3 4 .4 0 196.1 10.40 82.3
17.50 86.4 4 .6 0 192.8 10.60 7 6 .8
17 .80 81.5 4 .8 0 189. 5 10.80 70.7
18.00 78 .0 5 .00 186. 0 11.00 64.0
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T itra t io n  No. 
contd.
6 T it ra t io n  No, 
contd.
.7 T it ra t io n  No. 
contd.
, 8
v o l. 
idded (m l. )
e .m . f .
(mV)
v o l. 
added (m l.)
e .m . f .
(mV)
vo l. 
added (m l.)
e .m . f .
(m V)
11.20 56.4 2 .20 160. 5 1 .80 215.3
11.40 4 8 .1 2 .3 0 154.6 2 .0 0 210.7
11.60 38.4 2 .40 148.4 2 .20 205.6
11.80 26. 8 2 .50 142.3 2 .4 0 200.3
12.00 11.7 2 .6 0 136.4 2 .6 0 194.5
12.20 -1 0 .1 2 .70 130.1 2 .8 0 188.4
T it ra t io n  No,. 7 2. 80 124.1 3. 00 181.9
0 .00 245.7 2 .9 0 117. 9 3 .20 174.9
0 .10 243.7 3 .00 111.8 3 .40 167.9
0 .20 241.6 3 .10 105.2 3 .60 160.5
0 .30 239.2 3 .20  * 98.3 3 .80 153.2
0.40 . 236.7 3 .30 91.1 4 .0 0 145. 8
0. 50 234.1 3 .40 83.0 4 .2 0 138.4
0.60 231 .4 3 .50 74 .6 4 .4 0 131.1
0.70 228.6 3 .60 64.7 4. 60 123.7
0 .80 225.7 3 .70 53.5 4 .8 0 116.1
0 .90 222.5 3 .80 39.7 5 .00 108.6
1. 00 219.2 3 .90 21 .2 5 .20 100.4
1 .10 215.4 4 .0 0 -3 .5 5 .40 91 .6
1 .20 211 .6 T it ra t io n  No., 8 5 .60 82.3
. 1 .30 207 .6 0.00 244. 8 5 .80 71 .6
1 .40 203.5 0 .20  " 242 .8 6 .00 59.1
1.50  , 198.9 0 .40 240.1 6 ,20 4 3 .2
1 .60 194. 2 0. 60 237.1 6 .40 22 .6
1 .70 189.1 0 .80 234.1 6 .60 -8 .7
1 .80 184.0 1 .00 230 .9
1 .90 178.4 1 .20 227.3
2 .00 172,7 1 .40  ' 223.5
2 .1 0 166. 6 1 .60 219.5
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The data was p rocessed  in  SCOGS and two com plexes w e re  d isco ve re d , 
w ith  the fo llo w in g  fo rm u la e  and fo rm a tio n  constants.
C u (II). asn. h is  lo g  P = 18. 597 -  0. 012
  C u (II). a s n .h is .H , , log  ^  = 23. 326 -  0. 031
8(340 read ings) in  t i t r e  = 0.159 
A lthough h is tid in a te  fo rm s  at le a s t one h yd roxy  species w ith  coppe r(II) 27 ,154 -155
a sea rch  fo r  com plexes of fo rm u la e  C u (II). asn. h is .O H  o r  C u (II). a s n .h is . (OH)^ 
p roved  negative.
F o rm a tio n  constants fo r  c o p p e r(I l) -h ls tid in a te - th re o n in a te  com p lexes.
I These w e re  de te rm ined  by - t i t ra t in g  . sodium  hyd rox id e  in to  so lu tions  of 
coppe r(II) and the two ligands in  a p p ro x im a te ly  e qu im o la r concen tra tions .
Tab le  26. P o te n tio m e tr ic  re s u lts  fo r  the C u (II). h is , th r .  system .
T it ra t io n
num ber
[ c u ( n d
m M
{ h is ]
m M
L th 3
m M
fM in e ra l
Lac id
m M
tit ra n t  [o H  ]  
m M
In it ia l 
. v o l. (m l) (mV)
1 2 .318 2 .380 2 .394 1. 904 39. 92 24.97 4 11 .2
2 4 .626 4 .8 0 5 4 .705 3.799 40. 00' 24.98 4 11 .5
3 9 .250 9.438 9. 583 7.597 40. 00' 24. 98 4 12 .6
4 15.72 15. 58 15. 58 12,91 70.10 24. 97 413 .3
5 23.13,. -23.14 23.14 19. 00 70.10, , 24 .98 4 12 .5
6 23.16 24. 58 2 4 .4 3 19. 02 399.5 24. 97 4 04 .4
7 23.19 24,58 24.43 19. 02 ' 249. 9 24. 97 404 .4
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T itra t io n  No. 1 T it ra t io n  No. 
contd.
1
v o l. 
added (m l. )
e .m . f .
(mV)
v o l. 
added (m l.)
e. m . f  
(mV)
0 .00 215.4 3 .00 95.8
0 .20 210.2 3 .10 90.1
0 .30 207.3 3 .20 84.5
0 .40 204.3 3 .30 77.1
0 .50 201.2 3 .40 69.7
0 .60 197.9 3 .50 61.9
0 .70 194.4 3 .60 51.7
0 .80 191.0 3 .70 39.7
0. 90 187.0 3 .80 24 .8
1 .00 183.4 3 .90 3 .3
1 .10 179.2 4 .0 0  . -4 2 . 5
1 .20 174.9 T it ra t io n  No. 2
1 .30 170.8 0. 00 226.5
1 .40 166.6 0 .20 224.0
1 .50 162.4 0 .40 221.3
1 .60 158.1 0 .60 218.5
1 .70 154.0 0. 80 215.5
1 .80 149.7 1 .00 212.3
1 .90 145.4 1 .20 208.9
2 .00 141.4 1 .40 205.3
2 .10 137.0 1 .60 201.8
2 .20 132.8 1 .80 197.9
2 .30 128.7 2 .00 193.9
2 .40 124.6 2 .2 0  " 189.7
2 .50 120.3 2 .40 185.4
2 .60 115.7 2 .6 0 180.9
2 .70 111.5 2 .80 176.4
2 .80 106. 7 3 .00 171.5
2. 90 101.8 3 .20 167.0
T it ra t io n  No. 
contd.
, 2
vo l. 
ided (m l. )
e .m . f .
(mV)
3 .4 0 162.3
3 .6 0 157.8
3 .80 153.1
4 .0 0 148.5
4 .2 0 143. 8
4 .4 0 139.2
4 .6 0 134.7
4 .8 0 130.0
5 .00 125.5
5 .20 120.7
5 .40 115.9
5 .60 110.9
5 .80 105.9
6 .00 100.6
6 .20 94.9
6 .40 88.8
6 .60 82.2
6 .80 7 5 .0
7 .0 0 66. 9
7 .2 0 57.3
7 .4 0 4 5 .8
7 .6 0 32.1
7 .8 0 14.1
8. 00 -1 5 .2
8 .20 -107 .3
T it ra t io n  No,. 3
0 .00 237.7
0 .50 234.5
1 .00 231.3
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Titration No.
contd.
Titration No. 3
contd.
Titration No,
contd.
v o l. 
added (m l. )
e .m . f .
(mV)
v o l. 
added (m l.)
e .m . f .
(m V)
vo l. 
added (m l. )
e .m . f .
(mV)
1. 50 227.8 13.60 82. 3 8 .00 169.3
2 .00 224.2 14.00 74. 7 8 .40 163.4
2 .50 220. 2 14 .40 65.7 8 .80 157.6
3 .00 216.1 14.80 55. 5 9 .20 151.7
3. 50 211. 6 15.20 43 .1 9 .60 145.9
4 .0 0 206. 8 15.60 27 .4 10.00 140. 3
4 .5 0 201.8 16.00 4. 9 10.40 134.7
5 .00 196.3 16.40 -5 0 .0 10.80 128.9
5 .30 193.0 T it ra t io n No. 4 11.20 123.1
5 .60 189.6 0 .00 248. 5 11.60 117,1
6 .00 184. 9 0 .40  ‘ 246.2 12.00 111 .0
6 .40 180.0 0 .80 243.7 12.40 104.5
6 .80 174. 9 1 .20 241.1 12.80 97 .6
7 .20 169. 8 1 .60 238 .4 13.20 90.2
7 .60 164.7 2 .0 0 235.6 13.60 82.1
8 .00 159.6 2 .4 0 232.6 14.00 7 3 .0
8 .40 154.4 2. 80 229.5 14.40 62.4
8. 80 149.3 3 .20 226.2 14.80 49.7
9.20 144.2 3 .60 222.7 15.20 33 .5
9 .60 139. 1 4 .0 0 219 .0 15.40 10.3
10.00 134.1 4 .4 0 215 .0 16.00 -3 9 .1
10.40 129.2 4. 80 210.8 T it ra t io n  No. 5
10. 80 124.1 5 .20 206 .4 0 .00 253.3
11.20 118.8 5 .60 201.8 0 .80 250.1
11.60 113.5 6 .00 196.9 1 .60 246.7
12.00 107.9 6 .40 191.7 2 .40 243.1
12.40 102.2 6 .80 186.3 3 .20 239.2
12. 80 96. 0 7 .2 0 180.7 4 .0 0 235.1
13.20 89.4 7 .6 0 175.1 5 .00 229.6
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T it ra t io n  No. 5 
contd.
T it ra t io n  No. 
contd.
, 5 T it ra t io n  No. 
contd.
6
v o l. e .m . f . v o l. e .m . f . v o l. e .m . f .
Added (m l. ) (mV) added (m l. ) (mV) added (m l. ) (mV)
5 .50 226. 6 20.00 85.9 1 .90 180.3
6 .00 223. 5 20. 50 78 .3 2 .0 0 174.8
6 .50 220.2 21. 00 70.3 2 .10 169.1
7 .0 0 216.8 21.50 60.9 2 .2 0 163.1
7 .5 0 213.2 22.00 49. 8 2 .30 157.2
8. 00 209.4 22.50 35.9 2 .40 151.0
8. 50 205.3 23.00 17.7 2. 50 145.0
9. 00 201.1 23.50 -1 1 .9 2 .60 138. 9
9 .50 196.7 24. 00 -110. 9 2 .7 0 132.9
10.00 192.2 T it ra t io n  No. 6 2 .8 0 126.8
10,50 187.6 0 .00  . 244.8 2 .9 0 120.8
11.00 182.7 0 .10 242.7 3 .0 0 114.9
11.50 177.7 0 .20 240.6 3 .10 108.5
12.00 172.7 0 .30 238.3 3 .2 0 101.9
12.50 167.5 0 .40 236.1 3 .30 95.0
13.00 162.4 0 .50 233. 6 3 .4 0 87 .5
13.50 157.2 0. 60 231.0 3 .50 7 9 .5
14, 00 152.1 0 .70 228.2 3 .60 70 .3
14. 50 147.0 0 .80 225.4 3 .70 60.0
15. 00 141.9 0 .90 222.3 3 .8 0 4 7 .9
15.50 136. 8 1 .00 219.3 3 .9 0 32.3
16. 00 131. 8 1 .10 216.0 4 .0 0 13.1
16.50 126. 6 1 .20 212.4 4 .1 0 -1 8 .5
17.00 121. 5 1. 30 208.5 T it ra t io n  No . 7
17. 50 116.2 1 .40 204.5 0 .00 244. 2
18. 00 110.7 1 .50 200.0 0 .20 241.7
18. 50 105.0 1 .60 195.6 0 .40 238. 9
19.00 99.1 1 .70 190.7 0 .60 236.1
19.50 92.7 1.80 185.6 0. 80 233. 0
Titration No. 7
contd.
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Titration No. 7
contd.
Titration No. 7
contd.
v o l. 
added (m l.)
e .m . f .
(m V)
v o l. 
added (m l.)
è .m . f ,
(mV)
v o l. 
added (m l. )
e .m . f .
(mV)
1 .00 229.7 3 .00 181.1 5 .00 107.5
1 .20 226.2 3 .20 174.2 5.20 99.2
1 .40 222.4 3 .4 0 167.0 5 .40 90. 6
1 .60 218.5 3 .60 159.7 5.60 81.2
1.80 214.2 3 .80 152.3 5. 80 70.3
2 .00 209.7 4 .0 0 144.8 6.00 57.3
2 .20 204.7 4 .2 0 137.5 6.20 41 .3
2 .40 199.4 4 .4 0 130.1 6.40 19.3
2 .60 193.7 4. 60 122.7 6 .60 -1 5 .4
2. 80 187.6 4. 80 115.2
A f te r  re fin e m e n t in  SCOGS, the fo llo w in g  com plexes and constants 
w e re  obtained.
C u (n ).h is . th r .  , lo g  P = 1 8 .6 1 3 - 0 .0 1 6
C u ( I I ) .h is . th r .H ^ .  , lo g  p  = 23.426 -  0 .028
8(284 read ings) in  t i t r e  = 0 .174
A lthough  a com p lex o f fo rm u la  C u (H ).h is . th r .  OH has been re p o rte d  
154in  the li te ra tu re  i t  was no t d iscove red  in  the p resen t w o rk .
C om parison  w ith  o th e r w o rk e rs ' re s u lts .
A s p re v io u s ly  re co rd e d  in  th is  chap te r, a num ber o f re s e a rc h  groups 
have stud ied te rn a ry  com p lexa tion  between a m e ta l ion  and two a m in o -a c id s . 
The c o p p e r(II) . asn. th r . and co pp e r(II). a s n .h is . system s have no t ye t re ce ived  
a tten tion , bu t the re  a re  l i te ra tu re  va lues fo r  the co p p e r(H ).h is . th r .  sys tem .
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The formation constants obtained are listed below.
156C u(n ). h is , t h r . , lo g  = 17.464 (P e tt it  e t_ ^  )
lo g  p = 17. 562 (F reem an and M a rt in ^
C u (Il). h is , th r .  lo g  p  = 2 1 .4 3  (P e tt it  e t a l)
lo g  p = 21. 905 (F reem an and M a rtin )
C u (II) .h is . th r . OH , lo g  p = 7. 00 (F reem an and M a rtin )
B o th  sets of constants w e re  obtained at 25^C and 1 = 0. IM .
C a lo r im e tr ic  m easurem ents on the te rn a ry  species.
B e fo re  going ahead w ith  the m easurem ent o f the heats o f fo rm a tio n  o f 
the te rn a ry  com plexes, i t  was necessary  to obta in  the heats o f p ro to n a tio n  
fo r  th r  eoninate and the heats of fo rm a tio n  fo r  copper (11)- t h r  eoninate 
com plexes. The in s tru m e n ta tio n  was as in  p rev ious  c a lo r im e tr ic  w o rk  in  
th is  la b o ra to ry . .
Heats o f p ro tona tion  fo r  th reo n in a te .
These w e re  m easured  by t it ra t in g  sodium  hyd rox id e  (150. GmM)‘ 
in to  so lu tions of ligand  in  p e rc h lo r ic  ac id . The in i t ia l  vo lum e  was 
100. 0m l.
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Table 27, Calorimetric results for the protonation of threoninate.
In i t ia l [th r|. m M  25.61 24.62 '1 9 .9 0
I n i t ia l [ h  3  m M  40.11, 39.12 30.79 r7
d (m l) heat evolved (joules)
1 .0 6. 661 6.280 5.805
2 .0 6. 585 6.152 6.152
3 .0 ■ 6 .361 6. 021 5.972
4 .0 6 .179 6.425 5.787
5 .0 6. 587 6.488 6. 043
6 .0 6.853 6. 803 6. 903
7 .0 6 .566 6.768 6.970
8 .0 6 .629 6. 833 2.193
9 .0 6 .693 7.053 0.772
10.0 5. 665 6.081 0 .676
11.0 0. 944 0. 997
12.0 1 .006 1.324 1.959
14.0 2 .265 1 .995
R efinem ent o f the data in  R W CALCR D and RWSOLV gave the fo llo w in g  
heats o f p ro tona tion ;
48. 86 -  0 .6  kJ  m o l” ^
A H ^ - ^ 3 .  8 9 - 1 . 0  k  J m o f ^
s (37 read ings) = 0. 56
Heats o f fo rm a tio n  fo r  copper ( ll) - th re o n in a te  com plexes
These w e re  m easured  by t i t ra t in g  sodium  h yd rox ide  (150. OmM) in to  
C u (H )-th reon ina te  so lu tion s . The in i t ia l  vo lum e  was 100. 0 m l.
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Table 28. Calorimetric results for the Cu(II) threoninate system
In i t ia l 
[2Cu(llQ  m M 4.632 2,321 9.274
In it ia l QhiO m M 10.45 4. 882 19.94
In it ia l [ l l ]  m M 28.75 21.28 36. 71
vo lum e  
added (m l) hea t evolved (jou les)
2. 0 12.161 10.575 13.170
4 .0 12.408 10.299 11.917
6. 0 13.455 14.506 12.655
8. 0 13.157 14.993 13.259
10.0 12.941 13.876 12.681
12.0 11.278 12.178 12.707
14 .0 11.755 10.893 11.863
16.0 11.694 4. 063 11.200
18. 0 10.672 1. 676 11. 510
20. 0 4 .491 0.398 10. 347
22. 0 ’ , 11. 045
24 .0 4. 881
The re s u lts , obta ined g ra p h ic a lly  as fo r  the o th e r copper b in a ry  system s 
w e re  as fo llo w s ;
. = - 1 8 . 0 - 1 . 5  k j  mol*"^1
- A h °  = -  47. 0 i  3. 0 kJ  m o f ^2
8(32 read ings) = 1. 50
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O the r l i te ra tu re  va lues fo r  these sys tem s.
The p ro to n a tio n  o f the th reon ina te  ion  and the com p lex  fo rm a tio n
153betv^een i t  and Cu (II) ions has been exam ined b y  Iz a tt et a l. T l ie ir  constants 
a re  extrapo la ted  to ze ro  io n ic  s tre n g th  and a re  as fo llo w s ;
Threon ina te  p ro to n a tio n  A h^  = -  41. 8 kJ  m o l ^ ( c . f .  -4 8 . 9 kJ  m o l ^)
A H  g = -  47 .7  kJ m o l ^ (c . f .  -6 3 . 9 kJ  m o l ^)
C oppe r(II). th reon ina te  = -  22. 2 kJ  m o l ^ (c . f .  -1 8 . 0 kJ  m o l ^)
. AH g = -  47 .7  kJ  m o f ^  ( c . f .  -  47. 0 kJ  m o f ^ )
M ethod of C a lcu la tio n  o f heats o f fo rm a tio n  fo r  te rn a ry  com plexes
The ca lc u la tio n  o f the heats o f  fo rm a t!  on fo r  the te rn a ry  com plexes was 
m uch m o re  com p lica ted  than fo r  the b in a ry  com plexes. The com pute r p ro g ra m  
RW C ALC R D , p lus  RW SOLV, in  its  e x is tin g  fo rm  was designed to  take on ly  
b in a ry  species. A ny a ttem p t to g e n e ra lise  th is  p ro g ra m  to in c lude  te rn a ry  
species would have necess ita ted  in tro d u c in g  a num ber o f c o rre c tio n s  fo r  the 
fo rm a tio n  o f b in a ry  spec ies, and s ince  the extensive  updating  o f a com pute r 
p ro g ra m  is  a tim e -co n su m in g  p ro ce ss , i t  was decided to ca lcu la te  the A  H % a lues 
by hand.
In i t ia l ly  the c a lo r im e tr ic  t it ra t io n s  w e re  s im u la ted  in  H A L  TAP A L L .
The in p u t consisted  o f the in i t ia l  concen tra tions  o f the com ponents o f the 
system , and the fo rm a tio n  constants f o r  a ll the com plexes w h ich  w e re  known 
to e x is t in  the sys tem , and the p r in te d  output conta ined the added vo lum e  of 
t it ra n t ,  the pH at each added vo lum e , and the concen tra tions  o f a ll the com plexes. 
I t  was necessary, to co n ve rt the concen tra tions  o f the com plexes fro m
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m o la r  to num ber o f m o les p re sen t, w h ich  was accom plished  using the fo rm u la :
N um ber o f m o les  = co ncen tra tion  (m o la r) X  T o ta l vo lum e  (m l)
1000
and the change in  the num ber o f m o les of each com plex between two con­
secu tive  po in ts  could  now be ca lcu la ted .
The c o rre c tio n  fo r  the fo rm a tio n  of w a te r was constant fo r  each equal 
step o ve r the range of the t it ra t io n  (pH 3 -7 ). To ca lcu la te  th is  i t  was 
necessary  to co ns ide r a ll p ro tonated  species w h ich  w e re  known to be fo rm e d  
d u ring  the t it ra t io n .  A  la rg e  c o n tr ib u tio n  cam e fro m  the n e u tra lis a tio n  o f 
m in e ra l ac id  by a lk a li,  and the re m a in d e r was accounted fo r  by depro tona tion  
o f the lig a nd  o r  o f p ro tonated  m e ta l ;- lig a n d  com plexes. F o r  the system  
C u(n ), asn. th r .  the w a te r c o rre c t io n  invo lved  ju s t f iv e  te rm s , two p ro tona ted  
species fo r  each ligand  p lus  the change in  pH o f the so lu tio n , bu t in  the 
h is tid in a te  system s the re  w e re  no fe w e r than ten te rm s , in c lu d in g  th ree  
p ro tona ted  b in a ry  species, C u ( I I ) .h is ’. H ^^ , C u (n ).h is . H^ and C u (H ).h is .
Hg . The species Cu(3I). h is . OH was not inc luded as in s ig n if ic a n t am ounts 
o f i t  w e re  fo rm e d  d u r in g  the course  o f a t it ra t io n .
The w a te r c o rre c t io n  w as expressed in  te rm s  of the change in  num ber 
of m o les o f p ro to n s , a cco rd in g  to an equation. F o r  the C u (H ).h is . th r . and 
Cu (H), asn. h is . sys tem s th is  equation was as fo llo w s  
T o ta l change in  m o les of p ro tons  =
+ ^ + [Â
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w here  (1-2) = ( in it ia l -  f in a l)
A  = h is tid in a te , A ^  = asparag ina te  o r  th reon inate .
The sum o f these te rm s  was equ iva len t to the num ber o f m o les  o f 
w a te r fo rm e d  in  going fro m  No. 1 to p o in t No. 2, and as A h ^  was Imown, 
the re q u ire d  heat c o rre c t io n  fo r  the fo rm a tio n  of w a te r cou ld  be ca lcu la ted  
fo r  tha t po in t.
The ca lcu la tio n  o f the heats o f fo rm a tio n  fo r  the te rn a ry  com plexes 
was the m ost tedious in  the w ho le  m ethod. In  the C u (II).a sn . th r .  system  
the re  w e re  e ight b in a ry  species fo rm e d  d u ring  the t it ra t io n  and the am ounts 
o f these com plexes fo rm e d  a t a n y  p o in t w e re  known, so tha t the heat c o rre c tio n s  
fo r  these species could  be ca lcu la ted . A f te r  app ly ing  these c o rre c tio n s  to 
the expe rim en ta l heat obta ined in  the t it ra t io n ,  the c o n tr ib u tio n  fro m  the 
species C u([I). asn. th r . could  be ca lcu la ted . A s the am ount o f th is  com p lex 
fo rm e d  a t any stage of the t i t ra t io n  was known, the re q u ire d  A h °  could  
be de te rm ined .
In  the two h is tid in a te  system s the re  w e re  14 c o rre c tio n s  to be taken
\
in to  account and the re s u lta n t e xpe rim en ta l heat was tha t due to fo rm a tio n  o f 
A B A ^ and A ^B A H  (where A  is  h is tid in a te  and A ^  is  the o th e r lig a n d ). The 
in d iv id u a l heats could  then be e x trac te d  by a s im p le  le a s t squares p ro cess .
Heat o f fo rm a tio n  fo r  the te rn a ry  com p lex  C u(II). asn. th r.
T h is  was m easured  by t i t ra t in g  sodium  hyd rox id e  (39 .99m M ) in to  
a so lu tion  o f C u(II) ions and the two ligands . The in i t ia l  vo lum e  was 100 .0m l.
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Table  29. C a lo r im e tr ic  re s u lts  fo r  the C u (Il).a sn . th r . system
In it ia l [C u ( l l^  m M  ' 2 .311 6. 933
In it ia l [a s n ] m M 9.661 5.766
In it ia l [th :3 , m M 9. 572 6.671
In it ia l [ i f ]  m M 21. 13, 18.13
vo lum e  added (m l) heat evolved (jou les)
1. 6 2 .729
3 .2 1.460
4 .0 5. 885
6 .4 4. 569
8 .0 1.887 6.731
9 .6 1.605
12 .0 3. 812 6.512
14.0 2.319
16. 0 1.647 6. 259
20 .0 6.254
24 .0 6. 351
28 .0 6.137
32.0 5. 393
i 4- „1The re s u lta n t heat o f fo rm a tio n  fo r  C u (II). asn. th r .  was -  50. 0 -  2. 5 kJ  m o l 
Heats o f fo rm a tio n  fo r  C u (II). a s n .h is , com plexes
These w e re  m easured by t it ra t in g  sodium  hyd rox id e  in to  a so lu tion
conta in ing  C u(II) ions and the two lig a nd s . The b in a ry  h is tid in a te  constants
26—27used w e re  those obtained by  W illia m s  . The in i t ia l  vo lum e  was 100. 0 m l,
and the concen tra tion  o f the t i t r a n t  a lk a li was 39. 92 m M  in  the f i r s t  t it ra t io n ,  
399. 5 m M  in  the second and 249. 9 m M  in  the th ird .
147
Table  30. C a lo r im e tr ic  re s u lts  fo r  the C u (II). asn. h is , sys tem
In it ia l [ c u ( I I ) l  m M 6.958 23.16 23.16
In it ia l [ a s i^  m M 7.140 24. 55 24. 55
In i t ia l [ h i ^  m M 7.140 24. 62 24. 62.
In i t ia l Lh J  m M 19.99 68.19 68.19
volume added (m l) heat, evolved (jou les)
2. 0 27.734
3 .6 28.315
4 .0 4 .806 30.406
6.0 31.962
6 .4 28.662
8.0 *5.915 30.291
9 ,6 30.237
10.0 27.441
11.2 4 .257
12.0 26. 579
12.8 ’ • 29.815
14.0 8.400 26.207
16.0 4.856 28.713
19.2 \ 27.666
22.4 27.098
24.4 7.434
28.0 5.164
The fo llo w in g  re s u lts  w e re  obtained.
C u (II). asn. h i s . , - A H °  = -6 7 . 5 -  2. 5 kJ  m o l 
C u (II). asn. h is .H ]^  . = -8 8 . 2 -  5. 0 kJ  m o l ^
Heats o f fo rm a tio n  fo r  C u ( II) .h is , th r .  com plexes
These w e re  m easured  by t it ra t in g  sodium  hyd rox id e  in to  a so lu tion  o f
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C u(IÏ) ions and the two ligands . The in i t ia l  vo lum e was 100, 0 m l,  and the 
concen tra tion  of the t it ra n t  a lk a li was 40. 00 m M  fo r  the f i r s t  t it ra t io n ,  
399. 5 m M  fo r  the second, and 249. 9 m M  fo r  the th ird .
Table  31. C a lo r im e tr ic  re s u lts  fo r  the C u(II). h is , th r . system
In it ia l [C u ( I in  m M  4 .6 2 6  23.16  23 .16
In it ia l QiisQ m M  4 .8 0 5  24.58  24.58
In it ia l [ t h 3  m M  4 .7 0 5  24.43 24.43
In it ia l Ch J  m M  13.31 68.03 68.03
vo lum e  added (m l) heat evolved (jou les)
2 .0  . 27.109
3 .2  29.970
4 .0  2 .256  27,169
6 .0  31.412
6 .4  31.956
8 .0  6 .703  29.577
9 .6  31.014
10 .0  27.908
12 .0  6 .036  26.103
12.8  '  31.576
14.0  16.878
16 .0  5 .382 30.415
19.2  29.304
2 0 .0  5 .174
22 .4  28.316
2 4 .0  5 .469
2 8 .0  4 .800
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The re s u lts  obtained w e re  as fo llo w s
C u (II) .h is . t h r . , A h ® = -  67 .4  -  3 .0  kJ  m o l"^
C u (!I) . h is . th r .  H  , A  = -103. 5 - 6 . 0  kJ  m o l"^
C om parison  w ith  o th e r w o rk e rs ' re s u lts .
A lthough fo rm a tio n  constants have been obta ined fo r  the C u(H )- 
h is tid in a te -th re o n in a te  sys tem , as y e t the re  a re  no l i te ra tu re  va lues o f A .H ° 
fo r  th is  sys tem .
E xp e rim e n ta l the rm og ra m .
T h is  is  a p lo t o f to ta l hea t evolved aga inst vo lum e of t i t ra n t  added.
A  the rm og ra m  of one o f the C u (II). asn. h is . t it ra t io n s  is  appended ( f ig u re  16), 
and superim posed upon i t  is  a species d is tr ib u tio n  g raph , w ith  the vo lum e  
ax is  be ing  com m on to both g raphs.
Species d is tr ib u t io n  g raph.
The species d is tr ib u t io n  g raph  ju s t m entioned can be generated fro m  
H A L T A F A L L . A n  equ iva len t g raph , bu t w ith  pH as the h o r iz o n ta l a x is , can 
be produced using  the St. A ndrew s v e rs io ii of COMICS, and i t  shows the 
p ro p o rtio n  o f a m e ta l io n  w h ich  is  conta ined in  a com p lex a t any pH. A 
species d is tr ib u tio n  g raph  of the C u ( II) .a s n .h is . sys tem  is  inc luded (fig u re  17) 
the concen tra tions used a re  those in  b lood  p lasm a  and a re  as fo llo w s  :
CCu(II)] = 1 .37 X 10~^ M , [asq l = 4. 39 x  10” ^M , [h is ]  = 8 .15  x  10” ^M .
I t  can be seen fro m  f ig u re  17 tha t 30% of the C u(II) is  p re sen t in  
the te rn a ry  com plex C u (E ).a s n .h is . a t p lasm a  pH (7 .3 7 -7 .4 2 ), and is  second
2 0 0
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Figure 16. Expérimentai Triennogram for the Cu (]%) -  
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on ly  to C n (II). h is ^  a t 55%. The p ro tona ted  te rn a ry  species accounts fo r
on ly  0.05% of the Cu(H). I t  is  re m a rk a b le  tha t such a h igh  percen tage  of
the C u([I) appears in  e le c tr ic a l ly  uncharged fo rm  a t p lasm a  pH . Such
157n e u tra l com plexes have been c o rre la te d  w ith  m em brane s o lu b il ity  ,
and thus i t  appears tha t b in a ry  b is  and te rn a ry  1:1:1 ligand  com plexes of
copper a re  id e a lly  su ited  fo r  the ro le  o f co p p e r-io n  tra n s p o rt in to  c e ll
m em branes^^^ . T h is  obse rva tio n  is  in  agreem ent w ith  the postu la tes  o f 
159S a rka r and K ru c k
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C hapte r 8. . DISCUSSION
H ie  re s u lts  o f th is  w o rk  can m o s t e ffe c tiv e ly  be d iscussed under 
se ve ra l headings (a) the p ro to n a tio n  o f the asparag inate  ion ; (b) a re v ie w  
o f the rm odynam ic  w o rk  on m e ta l asparag ina te  com plexes; (c) the 
hom ologue "p a ra d o x " , (d) the com p lex ing  re a c tion s  o f the in d iv id u a l m e ta l 
ions and (e) the te rn a ry  com plexes.
(a) The p ro tona tion  of the asparag ina te  ion .
In  the la s t  25 ye a rs  the re  have been ten d e te rm in a tio n s  o f the 
p ro to n a tio n  constants fo r  asparag ina te , the re s u lts  r e fe r r in g  to a v a r ie ty  
o f tem pe ra tu res  and io n ic  s treng ths .
F ig u re  18, a p lo t o f lo g  p  aga inst the square  ro o t o f the io n ic
s treng th  I ,  shows the l i te ra tu r e  va lues , w h ich  appear to fo llo w  the lin e s
162d ic ta ted  by the Guggenheim extension  to the D ebye-H ucke l equation 
- l o g f  = 0 .511
(ihVT ■
W here  f  is  the a c t iv ity  c o e ffic ie n t, Z is  the charge  on the io n , and 
b is  a constant w h ich  inc ludes  c o rre c tio n s  fo r  io n ic  s tre n g th  v a r ia tio n s  of 
the d ie le c tr ic  constant of the m ed ium  and the e ffe c tive  s izes  o f the hyd ra ted  
ions.
A l l  these m easurem ents w e re  c a rr ie d  out b y  p o te n tio m e try  us ing 
a g lass/éa lom el e le c trod e  assem b ly , w ith  two excep tions, one be ing the w o rk  
o f A z iz o v  et a l^ ^^ , w here  a m e rc u ry  e lec trode  was used in  p lace  o f the 
g lass e lec trode . A s can be seen fro m  f ig u re  18 th e ir  va lue  is  the on ly  one
49-20
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101. . for the asparaginate ion.
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w h ich  does not l ie  nea r the cu rve . The o th e r exception was Rao and 
Subram anya^^^, who de te rm ined  lo g  jS by po la rog raphy .
Table  32. Therm odynam ic  p a ra m e te rs  fo r  p ro tona tion  o f asparag ina te  and 
g lu tam ina te  in  3. OOM (N a )C lO ^a t 25°C
aspa rag ina te  g lu tam ina te
- K . i 53 ,10 55.03
- ^ ^ 1 , 2 14. 76 15.55
67.86 70.58
- A H o.1 50. 50 50.86
5 .10 4 .4 2
- ^ « 0 . 2 55. 60 55.28
8 .9 P 1 4 .0
^ 2 3 2 .4 3 7 .4
K 2 4 1 .3 5 1 .4
A g ^  and A H °  a re  expressed in  u n its  o f kJ  m o l and A s °  un its
-1  -1  a re  J  m o l K  . The p a ra m e te rs  A g ^  A n °  ^ and A  ^ r e fe r  to
the p ro to n a tio n  o f the am ine  s ite , the A  ^ p a ra m e te rs  re fe r  to the, 2
, ,  ^ 29 ,134 ,163  - A ca rb oxy la te  s ite  and the A  aÜ, 2 q uan tities  a re  o v e ra ll f ig u re s .
The e ffe c t o f adding a -C H ^  g roup  to asparag ina te , m ak ing  
g lu tam ina te , is  re fle c te d  in  g lu ta m in a te ’ s s lig h t ly  la rg e r  -* A g ^ , -  A h °  
re m a in in g  e sse n tia lly  the sam e fo r  both ligands . T h is  in c re a se  in  -  A g ^
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a ris e s  fro m  an a p p ro x im a te ly  20% in c re a se  in  the en tropy o f p ro to n a tin g  
g lu tam ina te  as com pared to asparag ina te , w h ich  o ccu rs  because the 
g lu tam ina te  lig a nd  is  thought to possess m o re  w a te r o f aquation  w h ich  is  
shed upon p ro to n a tio n . A  consequence o f A h ^  fo r  g lu ta m in a te  being 
ro u gh ly  equal to A  fo r  asparag ina te  is  that and A  fo r
g lu tam ina te  f i t  the A g ^  -  ve rsu s  A S °  -  p lo t^ ^ ^  ( f ig u re  19).
F o r  ca rb oxy la te  p ro to n a tio n  A g  (o r pK) is  e sse n tia lly  en tropy
' 164 — "hdependent . Hansen et a l suggested that RCO H ex is ts  in  so lu tion  as
I oan ion  p a ir  and so A h  app rox im a tes to ze ro  and does not depend on the
na tu re  o f R . T lius  p ro to n a tio n  is  an e le c tro s ta tic  phenomenon and th is  is
re fle c te d  in  A 8^ because the num ber of w a te r m o lecu les  in vo lved  depend
fa r  m o re  upon the charges o f the ions concerned than upon the v a r ie ty  o f
groups be ing  p ro tona ted . Iz a t t  produced evidence fo r  such concepts
in  the fo rm  of l in e a r  p lo ts  of A G ^  aga ins t A 8° a t ze ro  io n ic  s tre ng th .
The slope o f th e ir  p lo ts  was s ig n if ic a n tly  c lose  to tha t p re d ic te d  by
166B je r ru m ’s theo ry  o f e le c tro s ta tic  in te ra c tio n s  (-243K  com pared  to 
-218K ). The data w h ich  have been com p iled  at 3. 00M (N a)C lO ^ a re  fe w e r, 
bu t these p a ra m e te rs  can a lso  be sa id  to l ie  nea r the lin e  o f slope -218K . 
F ig u re  19 shows the re s u lts  com p iled  at 3. 00M (Na)C lO ^. The so lid  lin e
has slope -2 1 8K and the b roken  lin e  has slope -243K .
V-.-
The am ine p ro tona tions  m ay be con tras ted  w ith  p ro tona ting  
carbo^yrlate groups because (i) am ine p ro tona tion  is  enthalpy dependent,
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Figure 19. Plots of AG^v  AS for protonoting carboxylate
groups in perch lora te  so lu t ions .
158
( i i)  substituen ts  ad jacen t to the -N H ^  groups have m o re  no ticeab le  A  
e ffec ts  and ( i i i )  w hereas -C O ^H  in te ra c tio n s  a re  ch a rg e -ch a rg e , -N H ^ H  
in te ra c tio n s  a re  m a in ly  ch a rg e -d ip o le  and so e le c tro s ta tic  co n trib u tio n s  to 
the en trop ies  of p ro to n a tio n  a re  fre q u e n tly  m asked by la rg e  subs tituen t 
e ffec ts .
(b) A  re v ie w  of the rm odynam ic  w o rk  on m e ta l asparag ina te  com plexes.
In  th is  sec tion  p re v iou s  m easurem ents o f s ta b il ity  constants and
heats of fo rm a tio n  fo r  m e ta l asparag ina te  com plexes w i l l  be d iscussed.
The re s u lts  o f the p re sen t w o rk  w i l l  be tabulated and d iscussed in  the l ig h t
o f p rev ious  w o rk  on these sys tem s.
Up u n til 1950, v e ry  few  q u a n tita tive  in ve s tiga tio ns  o f com p lexa tion
o f a m in o -ac ids  w ith  m e ta l ions had been made. Such neg lec t is  not
s u rp r is in g  because the n a tu re  o f the e q u ilib r ia  concerned in  such com plex
fo rm a tio n  was not p ro p e r ly  understood b e fo re  the w o rk  by B je r ru m  e n tit le d
167"M e ta l A m m in e  F o rm a tio n  in  Aqueous S o lu tion"
The f i r s t  pub lished  fo rm a tio n  constants fo r  com plexes between
70asparag ina te  and m e ta l ions w e re  by A lb e r t  , who ca lcu la ted  log  ^  q
va lues fo r  asparag ina te  com plexes w ith  Z n (II) , Cu(H), N i (II), Co (H), F e ( I I ) / ( I I I )
M n(H ), C d(II) and M g (II). F o r  som e reason, the log  p  va lues w e re  not-
quoted, and, because he w o rked  a t a ra t io  o f ligand  to m e ta l o f 2:1, he d id
71no t ob ta in  any t r is  com p lexes. P e rk in s  , using the sam e approach, 
extended the w o rk  to B e (II) and H g (Il).
A t  about the sam e tim e  as P e rk in s ’ w o rk  was pub lished , T an fo rd
159
30and Shore undertook an in ve s tiga tio n  o f the com p lexa tion  of Co(II) w ith  
^ y c in a te ,  a lan ina te , a rg in in a te  and asparag ina te , and olDtained constants 
f o r  A B   ^ AgB and A ^B  com plexes. T h e ir  re s u lts  ind ica ted  tha t the p resence  
o f the am ide group in  asparag inate  changed the s tru c tu re  o f the che la ting  
group.
A l l  these p re v io u s ly  d iscussed m easurem ents w e re  m ade us ing
p o te n tio m e try , w h ich  has been the m o s t popu la r m ethod fo r  m ea su ring
s ta b il ity  constants o ve r the y e a rs , fo r  reasons d iscussed in  C hapte r 1.
The technique o f ion-exchange does not fe a tu re  p ro m in e n tly  in  s ta b il ity
168constant m easurem ents , bu t in  1954 Schubert used ion-exchange to
m easure  s ta b il ity  constants fo r  com plexes between va rio u s  s im p le  b io lo g ic a lly
im p o rta n t ligands and C a(II), S r(E ), BaQI) and Ra(II) at pH = 7 .2 . The
constants f o r  the asparag ina te  com plexes w e re  : Ca(H). asn . lo g  p  0;
S r(H ).a sn ^ , log  p  = -0 .4 3 ,  and Schubert observed tha t in  gene ra l
a m in o -a c id s  do no t b ind  app rec iab le  fra c tio n s  of the a lk a lin e  earths  in  the
p h y s io lo g ic a l pH re g ion .
In  the la te  1950’s c o n flic tin g  re s u lts  fo r  the same sys tem , nam ely
coppe r(H )-aspa rag ina te , w e re  obtained by two A m e ric a n  re s e a rc h  g roups ,
L i  e t a l^^^  and B en n e tt^^^ . L i  et a l found that the coppe r-aspa rag ina te
com plexes had the sam e fo rm a tio n  constants re g a rd le ss  o f w he the r the
lig a nd  was in  the D - ,  L -  o r  ra ce m ic  fo rm . On the o th e r hand, B ennett found
the fo rm a tio n  constant fo r  the com plex C u (II). L -a s n ^  to be about
fo u r  tim es  as la rg e  as the fo rm a tio n  constant fo r  the com p lex  C u (H ).D L -a s n _ .2
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R its m a  et a l undertook a re - in v e s tig a tio n  of th is  phenomenon, and th e ir  
re s u lts  agreed w ith  the fin d in g s  o f L i_ ^ _ a l,  show ing tha t th e re  was absence 
of s te re o s p e c ific ity  in  the fo rm a tio n  o f m e ta l asparag ina te  com plexes, 
a ttr ib u te d  to the s m a ll in fluence  (s te r ic  o r  o the rw ise ) the ligands  e x e rt 
on each o th e r. S te re o s p e c ific ity  has how ever been shown to e x is t in  o th e r
a m in o -ac id  sys tem s, f o r  exam ple C o ( I I ) .D - .h is .L -h is .  is  m o re  s tab le
170than e ith e r C o ( II) .D -h is  o r  C o ( I I ) .L -h is
A t about the sam e tim e  as Li_et_al and B ennett pub lished  th e ir
d if fe r in g  re s u lts  on co pp e r-aspa rag ina te  com p lexa tion  P e r r in  made a
re - in v e s tig a tio n  o f the com p lexa tion  o f a m in o -ac ids  w ith  F e (III) , w o rk
70w h ich  had p re v io u s ly  been c a r r ie d  out by A lb e r t  , and found that, fa r  f ro m
no t fo rm in g  any com plexes w ith  a m in o -ac ids  as A lb e r t  had re p o rte d , F e (tn )
152bound a m in o -ac ids  even m o re  s tro n g ly  than Cu(H) . R esu lts  fo r  the
28F e (lII)  phenyla lctn inate system  pub lished  by W illia m s  c o n firm  th is  o b se rva tio n  .
In  the I9 6 0 's  the re  was a s e r ie s  o f s tud ies o f a m in o -a c id  com plexa­
tion  w ith  a w ide  v a r ie ty  o f ca tions. C h ro m iu m  (HI) fo rm s  a la rg e  
num ber o f oc tahed ra l com p lexes, w h ich  have a ttra c te d  the a tten tion  of m any 
k in e tic is ts  : indeed C r( I II )  com plexes a re  second on ly  to Co (III) com plexes
in  im p o rta nce  as subs tra tes  fo r  e xp lo rin g  aspects of su b s titu tio n  rea c tion s
171in  so lu tion , e. g. ac id  and base h y d ro ly s is  . H ow ever the l i te ra tu re  
re c o rd s  re la t iv e ly  few  s ta b il ity  constant m easurem en ts , p a r t ic u la r ly  fo r  
o rgan ic  ligand  com plexes of C r(tH ). T h is  s itu a tio n  m ay now be a lte re d  by 
the fa c t that c h ro m iu m  has been shown to be b e n e fic ia l to hea lth  (see
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172chap te r 1, a lso  re fe re n ce  7). K lian  and M a lik  have m ade m easurem ents 
of s ta b il ity  constants fo r  com plexes of se lected a m in o -a c id s , in c lu d in g  
asparag ina te , w ith  C r(H [). T h e ir  re s u lts  fo r  C r( in )-a s p a ra g in a te  w e re  : 
lo g P j^ ^ Q  = 7 .V , lo g  P 2 1 0  = 13- 6. lo g  P  3 1 0  "  IB - 5 (at 25°C , I  = 0 .5 M ), 
i . e .  these C r( III)  com plexes a re  n e a r ly  as s tab le  as the co rrespond ing  
Cu(H) com plexes.
Rao and Subram anya^^^ m easured  s ta b il ity  constants fo r  com plexes 
between asparag ina te  and Cd(H) and P b ( II) , by p o la rog raphy  and obta ined, 
fo r  the f i r s t  t im e , constants fo r  h yd roxy  species Cd. asn^.O H ^ and
P b. asn. g. OH . Subsequent w o rk  on the sam e m e ta l ions w ith  the same
173-174a m in o -a c id  by W illia m s  jet_al re co rd ed  on ly the s im p le  B A ^  species
w here  n could  be 1 ,2  o r  3. T h is  was the f i r s t  occasion tha t t r is  com plexes
121o f am ino-ac ids w ith  lead  had been detected in  so lu tion . W ill ia m s  and G raham
2+also  d iscovered  a species P d (H ),a s n .H  ( lo g p  = 12.11) w h ile  in v e s tig a t­
in g  te rn a ry  com plex fo rm a tio n  between p a llad iu m (H ), asparag ina te  and 
c h lo r id e  ions ; the f i r s t  occasion  tha t a p ro tonated  m e ta l asparag ina te  
com p lex had been re p o rte d .
A no th e r ion  whose com plexes w ith  a m in o -ac ids  have been stud ied  
in  re ce n t y e a rs  is  s i lv e r ( [ ) ,  by A z iz o v  F o r asparag ina te  log  ^  =
3. 30 and log  = 6 .4 5 , and the a m in o -a c id  co -o rd in a te s  on ly  through
the am ine n itro g e n  a tom , in  accordance w ith  the p re fe re n ce  fo r  s i lv e r  (I) 
fo r  a c o -o rd in a tio n  num ber o f two, in  a lin e a r  co n fig u ra tio n . T h is  app lies 
to a ll a m in o -ac ids  except m e th ion ina te , w h ich  is  la rg e  enough to fo rm ^ a
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bidentate  com p lex, through N and S, w ith  a s ta b il ity  constan t th ree  log  
u n its  h ig h e r than any o th e r A g ( l) -a m in o -a c id  com plex.
137A f te r  the p re se n t w o rk  was begun, G erge ly  e t a l pub lished
some w o rk  on copper (II)— asparag ina te  in  w h ich  they found tha t a t pH 11
a p ro to n  com es o ff  the am ide group  in  the A B  and A ^B  com p lexes. T h is
on ly  occurs  in  the p resence  o f the m e ta l ion , and i t  a llow s  the am ide group
to c o -o rd in a te  a x ia lly ,  thus c re a tin g  a t r  id  enta te ligand .
T h is  com ple tes the re v ie w  o f a l l  p rev ious  m easurem ents of s ta b il ity
constants fo r  m e ta l-a s p a ra g in a te  com plexes. M easurem ents of heats
of fo rm a tio n  fo r  tliese same com p lexes, and fo r  m e ta l-a m in o -a c id
com plexes in  g ene ra l, a re  fa r  le ss  num erous. G lyc in a te , be ing  the
s im p le s t a m in o -a c id , has m o re  A H °  m easurem ents fo r  i ts  m e ta l
com plexes than any o th e r am ino ac id . A  num ber o f va lues of A  H ° fo r
90 3 35co p p e r(II)-a m in o -a c id  com plexes e x is t, m easured by Iza ttje t_ a l ’ 
us ing  c a lo r im e try ,  and the re  a re  a lso  some A h ^  va lues o f C o (II), N i(H ),
175Cu(H) and Z n(II) com plexes w ith  a m in o -ac ids  obta ined by  S tack and S ldnner ,
us ing m ic ro c a lo r im e try .  The two l i te ra tu re  va lues fo r  fo rm a tio n  o f C u(H )-
143asparag ina te  com plexes a re  by B a rnes  and P e t t it  , who used the s ta b il ity
31constants o f R itsm a  _ e i^^  in  th e ir  ca lcu la tio n s , and m o re  re c e n tly  by 
137G e rg e ly _ e t^  . These l i te ra tu re  va lues have a lre ad y  been quoted in  
C hapte r 6. A h °  va lues fo r  fo rm a tio n  of com plexes o f o th e r m e ta l ions w ith  
a m in o -a c id s , exclud ing  asparag ina te , have a lso  been obtained by the le ss  
re lia b le  van ’ t H o ff iso ch o re  m ethod w here  log  jB va lues a re  m easured
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a t th ree  o r  m o re  d if fe re n t tem pe ra tu res  and A h ^  is  then obta ined fro m  p lo ts  
o f lo g p  aga inst ^ /T .  In  th is  approach A H °  is  assum ed no t to v a ry  w ith  
tem p e ra tu re , an unsound assum ption .
In  a dd ition  to th is  the rm odynam ic  data, som e s tru c tu ra l and s p e c tra l 
data fo r  m e ta l .aspa rag ina te  com plexes e x is ts  in  the l i te ra tu re .  T h is  
w i l l  be d iscussed in  a la te r  sec tion .
S um m ary o f re s u lts .
T ab le  33 l is ts  the A G ^ , A  and A S ^ va lues fo r  m e ta l- 
asparag ina te  com plexes obta ined in  the p re sen t w o rk . The A  ^ ^  te rm s  
a re  o v e ra ll constants and A  - „  and A  te rm s  a re  s tepw ise  constants. 
F ig u re s  in  parentheses a re  th ree  tim e s  the standard  dev ia tions in  the 
com puted constants, and n is  the num ber o f c a lo r im e tr ic  m easurem en ts .
A  few  gene ra l p o in ts  w i l l  be m entioned b e fo re  an a na lys is  o f the 
re s u lts  is  undertaken.
The in c re a s in g  dom inance o f the (II) ox ida tion  s ta te  as one c rosses  
the f i r s t  tra n s it io n  s e rie s  is  an im p o rta n t aspect o f tra n s it io n  m e ta l 
c h e m is try . T h is  in c re ase d  s ta b il ity  to the eventual exc lus ion  of a l l  o th e r 
ox ida tion  s ta tes a t z inc  a r is e s  because the 3d o rb ita ls  change fro m  be ing  
d iffu se  exc ited  o rb ita ls  in to  t ig h t ly  bound co re  o rb ita ls .  The (II) ox ida tion  
s ta te  becom es m o s t im p o rta n t f ro m  m anganese onwards and except fo r  Cu(I) 
and F e (n i) the aqueous c h e m is try  o f these tra n s itio n  m e ta ls  is  e n tire ly  tha t 
o f the (H) s ta te . H ow ever Fe(H I) m e r its  spec ia l a tten tion , no t on ly  fo r  i ts  
aqueous c h e m is try  bu t a lso  fo r  i ts  b io lo g ic a l im p o rta nce . T h is  (HI) sta te  
f o r  iro n  o ccu rs  aga inst a trend  o f decreas ing  o ccu rre nce  o f ox id a tio n  s ta tes
_£
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Table 34 shows the results obtained for glutaniinate complexing.
Table 34. Therm odynam ic  p a ra m e te rs  fo r  the fo rm a tio n  o f com plexes between 
g lu tam ina te  and m e ta l ions a t 25° in  3. 00M (Na)C lO ^
h '^ N i(H ) C u(n)
- x . l 55. 03 [O. 02] 31 .75  [ 0 . 0 5 ] 51. 68 [ 0 . O l]‘
- ^ ^ 1 . 2 15. 55 [0 . 02] 26. 96 [ p .  06] 42 .76  C0 . 3 4 ]
- K . 2 70. 58 [p . 02 ] 58.71 [ 0 . 1 1 ] 94. 46 [ 0 . 4 4 ]
" ^ ® 2 , 3 20.17 [ 0 . 1 9 J
- ^ « 0 , 3 78. 88 [0 . 3 0 ]
50. 86£q..5?0L ' 1 3 .2 8 [0 .6 0 ] 16. 5 [ 1 , Oj
4 .4 2  [0 .3 3 2 2 . 8 1  [ 0 . 6 0 ] 2 6 . 0  [ 1 . ^
- ^ « 0 . 2 55. 2 8 [ l .o g 3 6 .0 9 C l.2 0 l 42. 5 [ 2 . oJ
- ^ < 3 18. 6 6 [ l . 2 0 l
- ^ « 0 , 3 5 4 . 7 5 C l . 8 0 l
1 4 . 0 f l . 6 ] 61 .9  [ l . 8 0 ] 1 1 8 . 0  [ 3 . oJ
37 .4  f l .  7 ] 18 .0  [ l .  9 0 ] 56. 0 [ 3 . 6)
^ < 2 51 .4  [ 3 . 3 ] 79. 9 [ 3 . 7 0 ] 174. 3 £5 . 2]
5 .0  [ 3 . 7 0 ]
^ < 3 8 4 . 9 C5 . 0 0 l
num ber of
obse rva ­ 35 24 30
tio ns . n
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g re a te r  than (H) because of the c o m p a ra tive ly  low  th ird  io n iz a tio n  p o te n tia l 
fo r  iro n ,  w h ich  in  tu rn  a ris e s  fro m  the m e ta l’ s e le c tro n ic  co n fig u ra tio n , and 
the s ta b il ity  o f Cu(I) can be exp la ined in  s im i la r  te rm s .
The (E) o x ida tion  s ta te  occu rs  fo r  the m e ta ls  m anganese through
to z inc  by  io n iza tio n  o f the two 4è e le c tron s  to produce an o u te r e le c tro n ic
s tru c tu re  o f 3d”  ^w he re  n runs  fro m  5(manganese) up to 10(z inc). A l l  the
ions fo rm  com plexes and a re  hyd ra ted  in  aqueous so lu tion . S m a ll ligands
u su a lly  p roduce o c tahed ra l com plexes and so the qquated ions a re  w r it te n  
2+B(H gO )g . Two exceptions a re  coppe r, w h ich  fo rm s  J o lin -T e lle r  d is to r te d
176oc tahed ra l com plexes, becom ing  square  p la na r in  ex trem e  cases , and
z in c , w h ich  fo rm s  a la rg e  num ber o f te tra h e d ra l com plexes in  add ition
to oc tahed ra l com plexes.
The p re se n t w o rk  has re p o rte d  com plexes w ith  th ree  a m in o -ac ids
p e r c e n tra l m e ta l io n , th is  o c c u rr in g  fo r  a l l  m e ta l ions except manganese(H)
and coppe r(fI). P re c ip ita t io n  o ccu rre d  in  the manganese sys tem  around
Z = 2, p o ss ib ly  due to fo rm a tio n  of an in so lu b le  com p lex , A ^B . 2H^O.
C om plexes o f th is  s to ic h io m e try  between a m in o -ac ids  and co ba lt o r  n ic k e l
119 177have been re p o rte d  p re v io u s ly  b y  o th e r w o rk e rs  ’ . F o r  ions in  the
se rie s  M n(II) through to Z n (II) the gene ra l o rd e r o f s ta b il i ty  constants, 
and hence A.G° va lues , f o r  the rep lacem en t o f w a te r by m o re  p o la r is a b le
ligands to fo rm  o c tahed ra l com plexes is  g iven  by the I rv in g -W il l ia m s
. 178s e rie s
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M n < F e < C o < N i< C t i> Z n .
179O the r s e rie s  (e. g. M a ley  and M e llo r  ) w h ich  in c lu de  o th e r M (E)
ions have been p roposed, but have on ly  l im ite d  v a lid ity ,  fo r  they do not
re m a in  the same upon changing the ligand . The o rd e r M n <Fe<C,Cd < C o <
Zn4. Ni<^ Cu is  va lid  fo r  a lm o s t a l l a m in o -a c id s , bu t fa i ls  fo r  8 -h y d ro x y -
q u ino lin a te , w he re  iro n  and cadm ium  m u s t be in terchanged. W ith  n itro a c e ta te ,
cadm ium  and coba lt a re  out o f p la ce , and w ith  s a lic y la te  and h is tid in a te ,
co ba lt and z inc change p laces . The I r v in g -W il l ia m s  o rd e r seem s to hold
w ith o u t exception, and its  th e o re tic a l ju s t if ic a t io n  is  based on co ns ide ra tion
o f the re c ip ro c a ls  o f the io n ic  ra d i i  and the second io n is a tio n  p o te n tia ls  o f
178the m e ta ls  concerned
A s can be seen fro m  T ab le  33, the re s u lts  obta ined in  th is  study 
obey the I rv in g -W il l ia m s  o rd e r . I t  is  a lso  apparent tha t, hav ing  accepted 
tha t concen tra tion  constants in  3 . 00M (Na)C lO ^ a re  la rg e r  than those a t 
lo w e r io n ic  backgrounds, the re s u lts  a re  in  agreem ent w ith  those pub lished  
by o th e r w o rk e rs . T h is  p re se n t w o rk  is  the f i r s t  to l i s t  the rm odynam ic  
p a ra m e te rs  fo r  t r is  com plexes between m e ta l ions and asparag ina te  ; in  a 
num ber o f p re v iou s  stud ies the re  a re  no constants g iven fo r  the s im p le  AB  
species (see T ab le  10 in  C hapte r 5). A s asparag ina te  is  a b io lo g ic a lly  
im p o rta n t ligand  (see C hapte r 1) i t  is  re m a rk a b le  t lia t so few  constants have 
been pub lished fo r  i ts  com plexes w ith  m e ta l ions.
F o r  a l l  the m e ta l ions stud ied  -  A H °  ^ is  le ss  than -  A h °  ^^an 
e ffe c t w h ich  has p re v io u s ly  been re p o rte d  by Iz a tt  et a l^ ^  and a sc rib ed  to tlie
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2+ +la rg e  d iffe re n ce  in  h yd ra tio n  energ ies between B , , and AB  . On the(aq) (aq)
o th e r hand A .S° ^ is  co n s is te n tly  la rg e r  than A s °  w h ich  is  m a in ly
due to s ta t is t ic a l fa c to rs . The o v e ra ll e ffe c t is  that -  A g °  is  g re a te ru, i
than -  A g °  , a fa c t u n ifo rm ly  tru e  fo r  a ll l i te ra tu re  va lues o f m e ta l- 1, z
a m in o -a c id  s ta b il ity  constants , w ith  the s o lita ry  exception o f Sychev and
M i g a l’ 8 phenyla lan ina te  w o rk ^ ^ ^ , w he re  the e xpe rim en ta l approach has
177been queried  by G e rge ly  e t a l
The z inc sys tem  is  m a rg in a lly  m o re  s tab le  than the co ba lt, a
26trend  noted fo r  a l l  a m in o -a c id  sys tem s except h is tid in a te  . The fo rm a tio n  
cu rve s  fo r  z inc and coba lt ( f ig u re  5) c ro ss  a t Z = 2 .2  because o f a low
A OZ \H o  o Z n (n ).a s n  , w h ich  could  be the re s u lt  o f z in c ’ s p re fe re n ceZ , o o
fo r  te tra h e d ra l c o -o rd in a tio n . The same reasons could  be pu t fo rw a rd  fo r  
the la rg e  en trop ies  fo r  the z inc com plexes.
A s °  3  va lues fo r  the n ic k e l system s a re  s u rp r is in g ly  lo w , a 
p a tte rn  not found in  p re v iou s  a m in o -a c id  stud ies in  th is  la b o ra to ry . T h is  
conce ivab ly  a r is e s  because the am ide group ings occupy,a lbe it w ith o u t form ed 
bonding, c o -o rd in a tio n  p o s itio n s  in  b is  com plexes, so tha t when the th ird  
ligand  is  added v e ry  l i t t le  w a te r o f so lva tion  needs to be rem oved fro m  these 
p os itio n s . In  th is  connection A s °  va lues fo r  the b is  com plexes a re  h ig h e r 
than expected fo r  com parab le  sys tem s, i . e .  th ree  m e ta l-bond  p o s itio n s  a re  
a lre ad y  desolvated. F u r th e r  w o rk  is  necessary  to e s ta b lish  why th is  t r a i t  
is  so p a r t ic u la r  to n ic k e l com plexes.
A n in te re s tin g  p o in t a r is e s  f ro m  th is  and o th e r w o rk  on the coppe r(II)
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sys tem s, w he the r the ligands a re  b iden ta te  o r  t r i  dentate to copper (H).
Table  35 lis ts  A  H ° ^ and A S °  ^ fo r  the copper(II) com plexes of the ligands 
cons idered  in  th is  w o rk , and re la ted  re fe re n ce  ligands .
Table  35. V a lues o f A h °  ^ (kJ m o l and A 8° ^ (JK ^ m o l fo r  fo rm in g  
1:1 com plexes w ith  C u (II), and suggested num ber of bonds fro m  the ligand  to
the m e ta l ion .
C om plex ^ < 1 B ond ing R eference
C u (II) .h is 4 3 .9 4 5 .9 T rid e n ta te 27
C u(II). asn ^ 27 .5 73 .9 B i - o r  tr i-d e n ta te T h is  w o rk
Cu(H). phe ^ 19.2 93.7 B iden ta te 28
C u (II). th r ^ 18 .0 104.2 B iden ta te T h is  w o rk
C u (II) . g in  ^ 16 .5 118.0 B iden ta te T h is  w o rk
P henyla lan ina te(phe) has on ly two donor groups (NH and CO ) and
so can on ly  be b iden ta te . I ts  A h °  ^ and A S °  ^ fo r  com p lex  fo rm a tio n
a re  s im i la r  to those fo r  th reon ina te  and g lu tam ina te , w h ich  a re  th e re fo re
assum ed to be b iden ta te  a lso . H is tid in a te , on the o th e r hand, is  c u s to m a rily
26trid e n ta te  to oc ta h ed ra l m e ta l ions and its  som ewhat s tra in e d  tr id e n ta te
27n a tu re  in  Gu(II) com plexes has a lre a d y  been the top ic o f in tense  in ve s tig a tio n  . 
The increased  lig a n d -m e ta lb o n d  s treng ths  a r is in g  fro m  two che la te  
r in g s  a re  shown by the heat o f fo rrr ia tio n  fo r  the 1:1 h is tid in a te -c o p p e r(II)  
com plex being double tha t fo r  any o f the b iden ta te  exam ples. F u r th e r , the 
reduced degrees of freedom  when the two che la te  r in g s  a re  fo rm e d
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c o rre sp on d ing ly  reduces the entropy o f fo rm a tio n  by h a lf tha t o f the 
b iden ta tes. C opper(IX )-asparag ina te  has A  H ° ^ and A s °  ^ va lues tha t ^
a re  in te rm e d ia te  between b i~  and tr i-d e n ta te  com p lex ing . T h is  suggests 
tha t the am ide group of the lig a nd  is  e ith e r w ea ldy lo c a lis e d  in  the v ic in ity  
of one o f the long a x ia l bonds of C u(II) o r  tha t the re  is  a m ix tu re  o f b i-  and 
tr i-d e n ta te  asparag ina te  com plexes p re se n t, the c a lo r im e tr ic  re s u lts  being 
the average of the two.
The m o s t re ce n t m e ta l-a m in o -a c id  p ub lica tions  have inc luded 
v a rio u s  p ro tonated  and hyd ro lyse d  species. W h ile  the m a jo r  com plexes 
fo rm e d  a re  the A ^B  spec ies , p ro tonated , hyd ro lysed  and p o lyn u c le a r
species have been found to e x is t fo r  ligands re la te d  to a m in o -a c id s  and a
27 181 135few  a m in o -ac ids  them selves ’ . P e r r in  has obta ined constants fo r
p ro tona ted  species A B H  and A ^B H  in vo lv in g  a s e rie s  o f d iva le n t m e ta l ions
and a m in o -ac ids . These com plexes w e re  said to be analogous to acetate
com plexes and hence the am ine  group was p ro tonated  and the m e ta l- lig a n d
182—183bond u tilis e d  the ca rb o xy l g roup . Jones and W illia m s  have re p o rte d
the fo rm a tio n  o f p ro tonated  species w ith  the la n th a n ide (III) io ns  and h is t id in a te ,
163w here  the p ro to n a tio n  is  on the im id a zo le  n itro g e n
In  the p re se n t study no p ro tonated  species w e re  detected. The fo rm a ­
tio n  o f such com plexes as
H
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is  dependent on the type o f R group and so fo r  a lip h a tic  groups w h ich  a re  
e le c tro n  re p e llin g  e. g. -C H  , the p o s itiv e  charge on the n itro g e n  w i l l  beO
s ta b ilis e d , w hereas fo r  e le c tro n  w ith d ra w in g  groups such as a ro m a tic  
r in g s  the charged n itro g e n  w i l l  be d es ta b ilise d , and hence p ro to n a tio n  w i l l  
be in h ib ite d  and com p lex  fo rm a tio n  w i l l  be encouraged.
The m ax im um  Z  m easurab le  fo r  a l l  system s was de te rm ined  by 
the s o lu b il ity  o f the h y d ro ly s is  p roduc ts  o f the com plexes fo rm e d . H ow ever, 
in  gene ra l, s o lu b il ity  was not a m a jo r  p ro b le m  in  th is  study, asparag ine 
be ing so lub le  up to 160m M  and its  com plexes not be ing  m a rk e d ly  le ss  
so lub le . H y d ro ly s is  o f these com plexes re su lte d  in  an im m ed ia te  v is ib le  
p re c ip ita tio n , bu t these h yd ro lyse d  species could not be detected 
p o te n tio m e tr ic a lly  as p  va lues fo r  the e q u ilib ra te d  so lu tion s , and the 
p re c ip ita te s  could  not be iso la ted  and id e n tif ie d  because o f th e ir  ge la tinous 
n a tu re .
(c) The hom ologue "p a ra d o x " .
In  C hapte r 6 the s o -ca lle d  hom ologue "p a ra d o x " was exam ined and 
conclusions m ay be draw n fro m  the associated expe rim en ta l data.
The e ffe c t occu rs  in  g lu ta m in a te -asp a ra g in a te  (i) f o r  A g °  
p ro tona tion  va lues a t a l l  io n ic  s tre ng th s , ( ii)  fo r  A g °  va lues fo r  M n(H ), 
C o (n ), N i(II) and Zn(II) (but no t fo r  C u(II)) com plexes w ith  the ligands 
(see tables 33 ,34 , a lso  re fe re n ce s  29 and 136), ( i i i)  fo r  A h °  va lues fo r  
N i(II) and Cu(R) com plexes bu t i t  is  not no ticeab le  among A s °  va lues.
The a m in o -a c id  p ro to n a tio n  ve rsu s  com p lexa tion  hom ologue paradox
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appears to a r is e  fro m  two fa c to rs  (i) aquation o f ligand  and ca tion  and (ii)  
che la tion  o c c u rr in g  d u rin g  m e ta l com p lex ing . The p re se n t postu la tes  a re  
tha t m e ta l com p lexa tion  lib e ra te s  m o re  w a te r o f so lva tion  than does p ro to n a - 
• tio n  and that ch e la tion  b rin g s  the non-bonding cha in  and am ide group on the 
ligand  in to  the h yd ra tio n  sphere  o f the m e ta l io n , i .  e. the num ber o f -C H ^  
groups in  th is  s ide  cha in  in fluences  the extent o f m e ta l io n  deso lva tion . The 
fo llo w in g  evidence ex is ts  fo r  th is  : -  F o r n icke l(E ) and copper(IX) A h °  va lues , 
aspa rag ina te -B  (E) e ith e r has s tro n g e r bonding than g lu tam ina te  -B (II)  o r  
le ss  so lva tion  w a te r -B (E ) bonds need to be b roken  fo r  com p lexa tion  to o ccu r. 
C om paring  the A 8° va lues , the asparag ina te  system s e ith e r have m o re  
c o n s tr ic t io n s  invo lved  in  th e ir  com p lexes, o r  le ss  w a te r m o lecu les  a re  
lo s t.  F o r asparag ina te  and g lu tam ina te  p ro tona tion  A H °  va lu es , bonding 
is  e sse n tia lly  equal, i .  e. e sse n tia lly  the same num ber o f w a te r- lig a n d  bonds 
a re  b roken  p e r ca rb oxy la te  s ite , re g a rd le ss  o f w he the r i t  is  on asparag ina te  
o r g lu tam ina te . A s ° v a lu e s  in d ica te  tha t the num ber o f w a te r m o lecu les  
lib ra te d  p e r p ro to n a tio n  to be m a rg in a lly  m o re  fo r  g lu tam ina te .
(d) The com p lex ing  re a c tio n s  o f in d iv id u a l m e ta l ions.
(i) Manganese (E)
F o r  manganese the (E) s ta te  is  the m ost im p o rta n t and g e n e ra lly  
the m o s t s tab le  ox id a tio n  sta te . In  n e u tra l o r  ac id  aqueous so lu tion  i t  
e x is ts  as the v e ry  pale  p in k  hexaquo ion  M n(HgO)g^ w h ich  is  qu ite  re s is ta n t 
to ox ida tion . In  bas ic  m ed ia , how eve r, the w h ite  h yd rox id e  M n(OH)^ is  
fo rm e d  and ra p id ly  goes b ro w n  in  a i r  because of ox id a tio n  to M n(E I).
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a ir
id a t lo n >  ^ ^ 2 0 3 X ^ 1 ^ 0
The (III) s ta te  can a lso  be produced by e le c tro ly t ic  o r  pe rsu lpha te
ox id a tio n  o f M n(II) so lu tion . I t  cannot be obtained in  h igh  concen tra tions
because i t  is  reduced by w a te r , even in  the p resence of com p lex ing  ligands  
184such as ED TA
Manganese (H) fo rm s  m any com plexes, bu t the fo rm a tio n  constants
fo r  these in  aqueous so lu tio n  a re  lo w e r than those fo r  the d iv a le n t ca tions
of succeeding e lem ents , because Mn(TJ) is  la rg e r  than any o f the o th e r
ca tions in  the I r v in g -W il l ia m s  s e r ie s , and n e ith e r the hexaquo io n  n o r m o s t
o f the M n([I) com p lexes, w h ich  a re  h igh  sp in , have any lig a nd  f ie ld  s ta b lis a tio n
energy. C he la ting  ligands  such as e thy lened iam ine , ED T A , oxa la te  ionsy
e tc , fo rm  com plexes is o lu b le  f ro m  aqueous so lu tion . F o r  a lig a n d  such as
asparag ina te  one m ig h t expect to ob ta in  s im p le  com plexes up to B A ^ , but
p re c ip ita t io n  o ccu rre d  be low  Z ~ 2 so tha t on ly B A  and B A ^  w e re  detected.
29The in s o lu b il ity  o f m anganese system s has been noted by o th e r w o rk e rs  .
The s tru c tu re  o f the com p lex  M n (II).a sn ^  is  thought to be
a s iP j M n /^ a s n  
« 2 °
The u .  V . / v is ib le  sp ec tra  o f M n(II) oc tahedra l com plexes in  aqueous 
so lu tio n  a re  c h a ra c te r is t ic a lly  weak. The reason fo r  th is  is  tha t tlie  ground 
s ta te  o f the d^ system  in  a weak oc tahed ra l f ie ld  has one e le c tro n  in  each d
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o rb ita l and th e ir  sp ins a re  p a ra lle l,  m ak ing  a sp in  sex tnp le t, co rrespond ing
to the ground s ta te  o f the fre e  io n , w h ich  is  no t s p lit  by  the ligand  f ie ld .  4
H ow ever th is  is  the on ly  sex tup le t s ta te  poss ib le , fo r  e ve ry  conce ivab le
3 2a lte ra t io n  o f the e le c tro n  d is tr ib u t io n  t_ e re s u lts  in  the p a ir in g  o f two2g g ^
o r  fo u r  sp ins, thus m ak ing  q u a rte t o r  doub le t s ta tes. Hence a l l  exc ited  
sta tes o f the d^ sys tem  have d if fe re n t sp in  m u lt ip l ic it ie s  fro m  the ground 
s ta te , and tra n s itio n s  to them  a re  sp in -fo rb id d e n . Because o f weak s p in - 
o rb it  in te ra c tio n s  such tra n s itio n s  a re  no t to ta lly  absent, b u t the re s u lta n t |
a bso rp tio n  bonds a re  ro u gh ly  100 tim es  w eaker than those fo r  s im i la r  b u t 
sp in -a llo w e d  tra n s itio n s .
Mn(H) a lso  fo rm s  a num ber o f te tra h e d ra l com plexes, such as
2-M n B r^  . They a re  y e llo w -g re e n  in  co lo u r, the co lo u r be ing  m o re  in tense 
tha à tha t o f the oc tahed ra l com plexes,
( ii)  I ro n Q I) .
In  the absence of o th e r com p lex ing  agents, aqueous so lu tions  of
2+F e(I[) con ta in  the pa le  b lu e -g re e n  hexaquo ion  Fe(H O) . The p o te n tia l o fit  V
the im p o rta n t F e (H I)-F e (H ) coup le , 0. 771V, is  such tha t m o le c u la r oxygen 
can co n v e rt fe r ro u s  in to  f e r r ic  ions in  ac id  so lu tion .
2Fe(H) + iO g  + 2h '^------- ^ 2Fe(EII) + H O
In  bas ic  m ed ia  the o x id a tio n  p rocess is  s t i l l  m o re  favou rab le .
F e rro u s  h yd rox id e , w h ich  is  w h ite , goes b row n  in  a i r  a lm o s t im m e d ia te ly  
a fte r  be ing  fo rm e d . The b row n  m a te r ia l is  a hydra ted  f e r r ic  oxide. I t  is
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.the re fo re  im p o rta n t to r ig o ro u s ly  exclude a i r  fro m  e xpe rim en ts  in vo lv in g  
Fe (E ). N e u tra l and ac id  so lu tions  o f Fe(E) o x id ise  le ss  ra p id ly  w ith  
in c re a s in g  a c id ity  (despite  the fa c t tha t the po te n tia l o f the o x ida tion  re a c tio n  
becom es m o re  p o s itiv e ), because F e (III) is  a c tu a lly  p re se n t in  the fo rm  o f 
hydro^qr com plexes, except in  e x tre m e ly  ac id  m ed ia , and the re  m ay a lso  be 
k in e tic  reasons.
The o x id a tio n  o f Fe(II) to F e (lII)  in  n e u tra l s o lu tio n  has been the
+sub jec t o f m uch specu la tion  and m ay in vo lve  a re a c tio n  between FeOH and
HO“  The re la te d  p ro b le m  of ox ida tion  of Fe(II) w ith  H O is  co m p lica te dO i  i
186and in vo lve s  ra d ic a ls  genera ted by the re a c tio n
Fe(H) + H O  -------> Fe(HI)OH- + OH*
Iro n (n )  fo rm s  a num ber o f com plexes, m o s tly  o c tahed ra l. F e rro u s  
com plexes can n o rm a lly  be ox id ised  to f e r r ic  com plexes and the F e (E )-F e (III)  
aqueous system  p ro v id e s  a good exam ple o f the e ffe c t o f com p lex ing  ligands 
on the re la t iv e  s ta b il it ie s  o f ox ida tion  s ta tes.
e. g. Fe(C N )g“  + e  > Fe(C N )g" E °=  0 .36V
Fe(HgO)g + e -------- > Pe(HgO)g'^ E°=- 0 .7 7 V
Fe(phen)g^ + e  ^ Fe(phen)g E°= 1 . 12V
W ith  ch e la ting  am ine  lig a n d s , m any com plexes s tab le  in  aqueous
so lu tio n  a re  Imown. E thy lened iam ine  fo rm s  Fe(en)^^, Fe(en)g^ and 
2+ 187Fe(en)g , and in  the p re se n t w o rk  i t  was d iscovered  tha t th ree
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asparaginate ligands could bind to one Fe(H) ion :
asiTX asn
C 3asn
A lthough  the re s u lts  obta ined fro m  the F e (II)-a sp a ra g in a te  sys tem  a re  l im ite d
they a re  m o re  com prehens ive  than any com parab le  study pub lished  by o th e r
schools fo r  the sam e a m in o -a c id  sys tem . L o g ic a l extensions of th is  w o rk
a re  (i) to study the F e (H I)-asp a rag in a te  sys tem , w here  h yd ro lyse d  species
28a re  a m a jo r fe a tu re  and have been re p o rte d  fo r  o the r a m in o -a c id s  , ( ii)  to 
m easure  redox p o te n tia ls  fo r  a range o f F e (n ) /F e ( III)  com plexes in
3. 00M (Na)C lO^ and thus d e sc rib e  the F e (Et)/F e (III) -a s p a ra g in a te  system  
and ( i i i )  design a sys tem  w liic h  w ou ld  enable the c a lo r im e tr ic  in ve s tig a tio n  
of F e (H )-a m in o -a c id  com p lexa tion  to be c a r r ie d  out.
The F e ( I I) -F e (a i)  couple  has been ex tens ive ly  s tud ied  in  the p resence  
of a w ide  v a r ie ty  o f lig a n d s , m o s t re c e n tly  by I rv in g  and S harp^^^. The 
m u ltitu d e  o f com plexes w h ich  o ccu r in  these system s demand a com pute r 
and a s p e c ia lly  designed p ro g ra m  to ca lcu la te  the re s u lts .
( i i i )  C o b a ltq i) .
The trend  tow ards decreased s ta b il ity  o f h igh  o x id a tio n  s ta tes , and 
the inc re ase d  s ta b il ity  o f the (E) s ta te  re la t iv e  to the (E l) s ta te  p e rs is ts  w iü i 
coba lt, w here  the re  is  com p le te  absence of ox ida tion  s ta tes h ig h e r than qV) 
under ch e m ic a lly  s ig n if ic a n t co nd itio n s , and even qV) is  h ig h ly  u n ce rta in , 
be ing  rep resen ted  b y  on ly  a few  in co m p le te ly  c h a ra c te ris e d  compounds such
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as Cs C oF and CoO .i  O i
In  aqueous so lu tions  con ta in ing  no com p lex ing  agen ts , the ox ida tion  
o f Co(H) to Co (E l) is  v e iy  un favourab le .
Co(HgO)g ---------> Co(HgO)g + e E °= -1 .8 4 V
H ow ever e le c tro ly t ic  o r  ozone o x ida tion  o f co ld  p e rc h lo r ic  ac id  
so lu tions  o f Co(E) g ives d a rk  b lu e -g re e n  so lu tions o f Co(H O )^^  w h ich  is  ini 2 b
e q u ilib r iu m  w ith  Co(OH)(H^O)^ A t 0 °C  the h a lf l i f e  o f these d iam agnetic
189aquo ions is  about a m onth . In  the p resence  o f com p lex ing  agents, such 
as am m on ia , w h ich  fo rm s  s tab le  com plexes w ith  C o q il)  the s ta b il ity  o f 
t r iv a le n t  coba lt is  g re a tly  im p ro ve d .
Co(NHg)g'^ + e ------> Co(NHg)g E °  = 0. lOV
Co(E) fo rm s  num erous com plexes o f va rio u s  s te re o ch e m ica l types.
O ctahedra l and te tra h e d ra l ones a re  the m o s t com m on, b u t Jthere a re  a
190num be r o f square ones as w e ll as som e w h ich  a re  f iv e -c o -o rd in a te  
Co(E) fo rm s  te tra h e d ra l com plexes m o re  re a d ily  than any o th e r m e ta l ion .
7T h is  is  in  acco rd  w ith  the fa c t tha t fo r  a d io n , lig a n d - f ie ld  s ta b ilis a tio n
energ ies d is fa vo u r the te tra h e d ra l co n fig u ra tio n  re la t iv e  to the oc tahed ra l
7 none to a s m a lle r  extent fo r  a d ion  than fo r  any o th e r d con figua tion . I t
7m ay be noted tha t coba lt(II) is  the on ly d io n  o f com m on occurance .
Because o f the s m a ll d iffe re n ce  in  s ta b il ity  between oc tahed ra l and 
te tra h e d ra l C oq i) com plexes the re  a re  se ve ra l instances in  w h ich  the two 
types a re  both  Imown and m ay be in  e q u ilib r iu m . The ex is tence  o f some
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Co(H in  e q u ilib r iu m  w ith  Co(H has been p ro ved ^^^ .
In  the p re sen t study C o(II) was found to b ind a m ax im um  of th ree  Z? 
asparag ina te  ligands ,
a s n ^      asn
asn
The on ly  p re v iou s  re fe re n ce  in  the l i te ra tu re  to the com p lex
C o(II).asU g is  by T an fo rd  and Shore, who noted that the s tru c tu re  of the
30che la ting  group was "a b n o rm a l"
Com plexes of Co(II) w ith  a m in o -a c id s , in c lu d in g  aspa rag ina te , re a c t
w ith  m o le c u la r oxygen to fo rm  Co(HI) spec ies, re a c tion s  w h ich  a re  not 
192e n t ire ly  re v e rs ib le  , .
The b io lo g ic a l im p o rta n ce  of co ba lt has not been fu l ly  ch a ra c te ris e d , 
and m uch m o re  w o rk , bo th  in  v iv o  and in  v i t r o p  necessa ry  b e fo re  the fu l l  
im p lic a tio n s  o f the C o (II)-C o (III)  couple and the unusual s te re o ch e m is tr ie s  of 
the com plexes a re  d e te rm ined  and understood.
(iv ) N icke l g i) .
The trend  tow ards decreased s ta b il ity  o f h ig he r ox id a tio n  s ta tes 
continues w ith  n ic k e l, so tha t on ly  N ig i)  occu rs  in  the o rd in a ry  c h e m is try  
o f the e lem ent. Even in  the few  compounds fo rm a lly  con ta in ing  N i (HI) and 
N ig V ) the re  is  doubt about the p h y s ic a l s ig n ifican ce  of these o x ida tion  
num bers . L o w e r-v a le n t n ic k e l is  a lso  uncom m on, except in  compounds 
con ta in ing  s tro n g ly  IT  -bond ing  ligands . H ow ever, the re la t iv e  s im p lic ity
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o f n ic k e l c h e m is try  in  te rm s  o f ox ida tion  num ber is  balanced by cons ide rab le
co m p le x ity  in  c o -o rd in a tio n  num bers and geom e tries .
N ic k e ig i)  fo rm s  a la rg e  num ber o f com plexes encom passing
c o -o rd in a tio n  num bers 4, 5 and 6, and a l l  the m a in  s tru c tu ra l types, square ,
te tra h e d ra l, s q u a re -p y ra m id a l, t r ig o n a l-b ip y ra m id a l and o c ta h ed ra l, a re
rep resen ted . I t  is  c h a ra c te r is t ic  o f Ni(LI) com plexes tha t com p lica ted
e q u ilib r ia ,  w h ich  a re  g e n e ra lly  tem pera tu re -dependen t, and som etim es a lso
concen tra tion -dependent, o ften  e x is t between these s tru c tu ra l types.
The m ax im um  c o -o rd in a tio n  num ber fo r  N ig i)  is  s ix . A  la rg e
num ber o f n e u tra l lig a nd s , e sp e c ia lly  a m in e s , d isp lace  som e o r  a l l  o f the
2+w a te r m o lecu les  in  the oc tahed ra l N i(HgO)g ion  to g ive  c h a ra c te r is t ic a lly
b lue  o r  p u rp le  co lo u rs  in  sharp  c o n tra s t to the b r ig h t  g reen  o f the hexaquo
Ion . T h is  occurs  because of s h ifts  in  the abso rp tion  bands when w a te r
ligands  a re  rep laced  by o th e rs  ly in g  tow ards the s tro n g e r end of the
sp ec tro ch em ica l s e rie s .
A  cons ide rab le  num ber o f bo th  tr ig o n a l-b ip y ra m id a l and square
193p y ra m id a l com plexes o f N ig i)  a re  known . Many of those conta in  
te tradenta te  " t r ip o d "  ligands  such as N [ c ( C H ^ ) , and the f i f th  
c o -o rd in a tio n  p o s itio n  is  occupied by  ligands such as C l , B r  o r  I  , so 
these com plexes a re  ca tio n ic . O the r 5 -c o -o rd in a te  com plexes inc lude  
Ni(CN)g‘ .
The te tra lie d ra l N ig i)  com plexes a re  o f types such as N iX ^  and 
N iX ^ L  , w he re  X  re p re sen ts  a halogen and L  is  a n e u tra l lig a n d  such as a
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2-phosphine o r  a rs in e . P la n e r com plexes in c lude  N i(C N )^ , and the re d  
d im e th y lg lyo x im e  com p lex .
The s tru c tu re jo f the Ni( II)-a sp a rag in a te  com plexes, w h ich  w e re  
deep b lue  in  a lk a lin e  so lu tio n , a re  l ik e ly  to be s im i la r  to those o f the 
co rrespond ing  co ba lt com plexes. T h is  w o rk  is  the f i r s t  to re p o r t  the 
fo rm a tio n  of the com p lex  Nigi). asn^.
The com p lex  N igi).asn^ has been iso la te d  as b lue  c ry s ta ls  f ro m  a 
m ix tu re  of n ic k e l ca rbona te  and the am ino a c id ^^^ . In  aqueous so lu tio n
tk re e  a bso rp tion  bands w e re  observed in  the v is ib le  / u . v .  s p e c tru m , a t
-1 -1 -1 9810cm , 16340cm and 27930cm , w ith  e x tin c tio n  c o e ffic ie n ts  6. 92,
4. 60 and 12. 8. In  a d d itio n  a w eak band ( 6  = 2 .0 ) was seen a t 13000cm”
These fin d ing s  a re  in  accordance  w iü i oc tahed ra l geom etry .
195C assa tt and W ilk in s  nave m easured  the ra te  constants f o r  the
fo rm a tio n  of the mono com plexes o f n icke l(H ) w ith  v a rio u s  ligands  in c lu d in g
asparag ina te , by the s topped -flow  m ethod. They observed tha t the
z w it te r io n ic  fo rm  o f the lig a n d  was u n re a c tive , and postu la ted  the reason
as be ing  that in  th is  case the f i r s t  step o f c o -o rd in a tio n  o ccu rs  through the
-C O g group . T h is  is  a la b ile  a rra n ge m e n t and the b re a k in g  ra te  constant
w ou ld  be la rg e r  than the com bined p rocess  o f io n is a tio n  f ro m  -N H ^  and
r in g  c lo s u re . T h is  un favou rab le  s itu a tio n  does not o ccu r w ith  the species
NH OH CO „ w h ich  e x is ts  at h ig h e r pH . The observed ra te  constant (k , )^  à  Ù obs
fo r  fo rm a tio n  of Nigi). asn^ was l lO M  ^s ^ a t pH 7. 0, b u t on ly  14m ” ^ s” ^ 
a t pH 6. 0 g  = 0 .3M ). The ca lcu la ted  ra te  constant k^  was 8. 7 x
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(v) C o p pe rd I).
The (n) s ta te  is  dom inant in  the aqueous so lu tion  c h e m is try  o f ^
copper because o f the e lem ents low  second io n isa tio n  p o te n tia l, and the h igh 
energy of h yd ra tio n  fo r  the c u p r ic  io n . A  la rg e  num ber o f sa lts  o f va rio u s  anions 
m any o f them w a te r-s o lu b le , e x is t in  add ition  to a w ea lth  o f com plexes.
The d^ co n fig u ra tio n  m akes Cu(II) sub ject to J a h n -T e lle r  d is to r t io n  
i f  p laced in  â re g u la r  octahed ra l o r  te tra h e d ra l e nv ironm en t, and th is  has a 
p ro found e ffe c t on i ts  s te re o ch e m i'^ try . W hen s ix -c o -o rd in a te  the octahedron 
is  se ve re ly  d is to r te d  along one fo u r - fo ld  ax is  so tha t the re  is  a p la n a r a r ra y  
of fo u r  s h o rt B -A  bonds and two tra ns  long  ones, e, g. in  c ry s ta ll in e  C uC l^, 
fo u r  C u -C l bonds a re  2. 30^  long  and the o th e r two a re  2. 95A . In  the 
l im i t ,  the e longation  leads to a s itu a tio n  in d is tin g u ish a b le  f ro m  square 
c o -o rd in a tio n  as found in  CuO and m any d is c re te  com plexes o f C u (II). Thus 
the cases o f te tra g o n a lly  d is to r te d  "o c ta h e d ra l"  c o -o rd in a tio n  and square  
c o -o rd in a tio n  cannot be s h a rp ly  d iffe re n tia te d . T he re  is  ju s t one com p lex ,
KgPb|Cu(N O g)g], w he re  the octahedron  o f n itro g e n  atom s su rro u n d in g  the 
Cu(H) io n  is  r e g u l a r I t  is  no t known w hy the J a h n -T e lle r  d is to r t io n  is  
too s m a ll f o r  de tec tion  in  th is  case.
In  a dd ition  to the n o rm a l square  m e rg in g  in to  te tra g o n a lly  d is to rte d  
oc tahed ra l com plexes, the re  a re  o th e r s te re o c h e m is tr ie s  o f w h ich  the m o s t 
im p o rta n t is  d is to r te d  te tra h e d ra l. C s^ C uC l^ is  an exam ple o f a d is to r te d  
te tra h e d ra l com plex.
M ost c u p r ic  sa lts  d isso lve  in  w a te r to g ive  the aquo io n , w h ich  m ay
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be w r it te n  Cu(H^O)g^. T h is  re a c ts  w ith  v a rio u s  ligands to fo rm  com plexes,
W ith  am m onia the species Cu(NH ){H  up to Cu(NH ) (H a re  ^o Z O o 4 Z ^
fo rm e d  in  the usual w ay, bu t a dd itio n  o f the f i f th  and s ix th  m o lecu le  of
197am m onia  is  v e ry  d if f ic u l t  . The reason  fo r  th is  upusual behav iou r is  i  
connected w ith  the J a h n -T e lle r  e ffec t. Because of i t ,  the CuÇŒ) ion  does not
b ind  the f i f th  and s ix th  ligands  s tro n g ly  (even the H^O ). S im ila r ly  i t  is  found
2+ 2+ w ith  e thy l enediam ine tha t Cu en (H O ) and Cu en (H O ) fo rmZ 4 Z 6
re a d ily , bu t Cu en^^ is  fo rm e d  on iy  a t e x tre m e ly  h igh  concen tra tions  o f en. 
M any o the r am ine  com plexes o f C u(II) a re  Imown and a l l  a re  m uch 
m o re  in te n se ly  b lue  than the aquo io n , because llie  am ines produce  a s tro n g e r 
ligand  f ie ld ,  w h ich  causes the a bso rp tion  bond to m ove fro m  the fa r  re d  to the
m id d le  o f the red  re g io n  o f the sp ec tru m . F o r  exam ple , the aquo io n  has an
-1 2+ abso rp tion  m ax im um  a t 12500cm , w hereas in  Cu(NH ) (H O) the3 4 Z 2-1m axim um  is  around 16500cm .
The fo rm a tio n  of Cu(asn) and Cu(asn)g on ly  is  to be expected under 
the p re se n t cond itions . L ik e  the am m onia  com plexes, they a re  deep b lue  
in  so lu tion . A s a lre a d y  m entioned, A .H ^  va lues fo r  d ie asparag ina te  
com plexes in d ica te  t lia t the am ide g roup ing  m ay occupy an cn?cial c o -o rd in a tio n  
p o s itio n  on the m e ta l io n , so g iv in g  r is e  to a tr id e n ta te  lig a nd .
In  the presence  o f oxygen dono rs , Cu(EI) fo rm s  a s e rie s  o f p o ly -  
n u c le a r species, the s im p le s t o f w h ich  is  tlie  h yd roxy  com p lex re p o rte d  by 
B ie de rm a m i^^ .
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V a rio u s  w o rk e rs  have re p o rte d  com plexes o f fo rm u la  A  B (OH)
28 154.w here  the range of ligands A  inc ludes phenyla lan ina te  , h ls tid in a te  and 
176aceta te  . T he  p re se n t w o rk  fa ile d  to fin d  any evidence o f such com plexes
fo r  asparag ina te . H ow ever in te rp re ta tio n  o f the b io lo g ic a l ro le  o f copper
and i t s  compounds ought to take in to  account the p resence  o f h yd ro lyse d
spec ies , i f  we a re  to le a rn  f ro m  the im p o rta n ce  o f hyd ro lyse d  lron (H I)
species in  l iv e r  s to rage .
A  c e rta in  am ount of o th e r expe rim en ta l w o rk  on C u(II)-"asparaginate
55com plexes is  described  in  the li te ra tu re .  W ilso n  et a l exam ined the
c ir c u la r  d ic h ro is m  and a bso rp tion  sp ec tra  o f Cu. asn . .They d iscovered2
tha t Cu. asUg,, exh ib ited  CD and abso rp tio n  spectra  s im i la r  to C u p ) -
a lan ina te  com plexes a t pH7 ( V  m ax = 15800cm 6  = 45), b u t on add itio n
o f excess base an am ide  n it ro g e n  was found to io n ise , and som e p re c ip ita t io n
took p lace. The c ir c u la r  d ic h ro is m  changed s ign  in  the sam e m anner as
C u(II) h ls tid in a te , and i t  was suggested tha t the am ide n itro g e n  bound to
copper lea v ing  the ca rb o xy la te  oxygen occupying an a p ica l c o -o rd in a tio n
p o s itio n  (c. f .  C u p ) . h ls ^ ) . O. R. D. w o rk  by  W e llm an  e t a l^ ^^  and by 
199J u rs ik  and H a jik  supports  th is  idea.
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F u jim o to ^^^  has stud ied the c ry s ta ll is a t io n  o f asparag ine  m onohydra te  
c ry s ta ls  fro m  v e ry  d ilu te  C uC l^ so lu tions and has obtained a trans  b is -  ^  
asparag ina te  C u P ) d ih yd ra te , in  w h ich  the copper ion  is  co -o rd ina te d  by 
two -N H  g roups, two CO groups and two a x ia l w a te r m o le cu les . The 
com plex s tru c tu re  c h a ra c te ris e d  by the lig a nd  n itro g e n  h yp e rfin e  s tru c tu re  
in  E PR  spec tra  has been found to depend on the pH of the so lu tio n  f ro m  w h ich  
the c r y 8 ta ls  a re  g row n.
(v i) Z in c P ) .
Z in c  fo llo w s  copper in  the p e r io d ic  tab le  and has two s e lec trons  
outs ide  the f i l le d  d s h e ll,  bu t w hereas in  copper the d sh e ll m ay lose  an 
e le c tro n  to g ive  ions o r  com plexes, th is  is  not p oss ib le  fo r  z inc  and the re  
is  no evidence fo r  ox id a tio n  s ta tes h ig h e r than P ) .
Since z inc fo rm s  no compound in  w h ich  the d s h e ll is  m is s in g  an 
e le c tro n  i t  is  regarded  as a n o n -tra n s it io n  e lem ent, w hereas copper does 
and is  th e re fo re  a tra n s it io n  e lem ent. Z in c  is  a m o re  d u c tile  m e ta l and has 
a lo w e r m e ltin g  p o in t than copper (• Zn  419°C ; Cu, 1083°C)and is  m o re  
e le c tro p o s it iv e . H ow ever the re  is  some resem blence  to the d -b lo c k  e lem ents 
in  the a b i l ity  to fo rm  com p lexes, e spe c ia lly  w ith  am m onia, am ines, h a lide  
ions and cyanide ions.
Z in c  sa lts  o f oxo ac ids such as the n itra te , su lphate and p e rc h lo ra te
d isso lve  in  w a te r to g ive  the aquo io n  w h ich  is  qu ite  a s tro n g  a c id , and
201aqueous so lu tions of these sa lts  a re  hyd ro lyse d  . In  p e rc h lo ra te  so lu tion  
the on ly  hyd roxy  species fo r  z inc  below  0. IM  is  o f the fo rm u la  Zn(O H)^.
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A d d it io n  o f a lk a li p re c ip ita te s  the h yd rox id e  Z n (O I^g , w h ich  re d is s o lv e s  in
2-  202excess a lk a li to fo rm  the z inca te  io n  Zn(OH) . Salts such as Na Z n (O H ).4 2 4
can be c ry s ta llis e d  f ro m  concentra ted so lu tion s .
In  i ts  com plexes z inc  com m only has c o -o rd in a tio n  num ber o f 4 , 5
and 6. T e tra h e d ra l exam ples a re  the h a lid e  com plexes Z n X ^ , w h ich  a re  o f
ra th e r  lo w  s ta b il ity .  A  num ber of f iv e -c o -o rd in a te  com plexes have re c e n tly
been found, in c lu d in g  the hydraz in e ca rbo xy la te  com p lex Zn(NH NHCOO)
“ S ince the re  is  no lig a n d - f ie ld  s ta b lisa tio n  energy fo r  z in c , the s te re o c h e m is try
IS de te rm ined  by size^ e le c tro s  ta tic  e ffe c ts  and cova len t bonding fo rc e s .
In  the p re se n t study com plexes up to Zn(asn) w e re  detected in3 •
so lu tio n , bu t va lues suggest tha t Z n p )  w ou ld  p re fe r  to be fo u r -c o -
o rd in a te  ra th e r  than s ix -c o -o rd in a te .
S im p le  m odel o f asparag ina te  in  b lood p lasm a.
The v e rs io n  o f COMICS loaded in  the com pute r a t St. A nd rew s was 
used to com pute the concen tra tions o f m e ta l asparag ina te  com plexes in  
b lood p lasm a  fo r  a range  o f pH  va lues. The to ta l m e ta l io n  concen tra tions  
used w e re  b lood p lasm a  exchangeable va lu es , e .g . the copper concen tra tion  
w as a lb um in  and a m in o -a c id  bound, no t the non-exchangeable c e ru lo p la s m in  
copper concen tra tion , and the fo rm a tio n  constants w e re  as in  C hapte r 5.
4-The re s u lts  shown in  f ig u re  20 suggest tha t the com plexes Zn .asn . ,
4  " 1“Fe.asn, and Co.asn. m ay be p re sen t in  concen tra tions com parab le  to 
H”Cu. asn. and C u.asn .^. T h is  s itu a tio n  o ccu rs  in  sp ite  o f the copper com plexes 
having  the h ighes t fo rm a tio n  constants because exchangeable copper is  found
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at relatively low concentrations in plasma.
T e rn a ry  com plexes.
M o re  and m o re  w o rk e rs  have re c e n tly  been dea ling  w ith  the
e q u ilib r ia  o f m ixed  a m in o -a c id  com plexes o f the tra n s itio n  m e ta ls . The
m ixed  com plexes of Cu(H) a re  e sp e c ia lly  w id e ly  stud ied  because o f th e ir
b io lo g ic a l im p o rta nce . The e q u ilib r iu m  data o f some te rn a ry  a m in o -a c id
com plexes o f Cu(H) w e re  de te rm ined  by  M a rt in  and P a r is ^ ^ ^  who
po in ted out tha t the s ta b il it ie s  co rresponded  to the s ta t is t ic a l expecta tions.
On the o th e r hand F reem an  and M a r t in  found s ig n if ic a n t s ta b il is a t io n  in  the
154Cu(H)- h i8t id in a te - tlire o n ina te  sys tem  . M o re  re c e n tly  S a rka r and K ru c k
extended these s tud ies to the C u (L I)-h is tid in a te -s e rin a te  system ^"^^. The 
e q u ilib r iu m  data w e re  in te rp re te d  as in d ic a tiv e  o f e x tra  s ta b ilis a t io n  in  
these sys tem s. Y oko i e t a l^ ^^  and D eg ishe r and N a n co llas^^^  fo im d that 
s ta b il it ie s  a re  de te rm ined  m a in ly  b y  en tropy  changes. Iz a t t  e t a l^ ^ ^  cam e 
to the conc lus ion  tha t in  som e cases the s ta b il ity  is  in fluenced  by o the r 
fa c to rs .
G erge ly  e t a l^ ^ ^  observed tha t a m in o -a c id  com plexes o f fo rm u la  
C u A A ^  d isp layed  re la t iv e ly  h ig h e r s ta b il it ie s  when A  was a lip h a tic  and A ^  
a ro m a tic . T h is  phenomenon was a ttr ib u te d  to the e le c tro n -a ttra c t io n  o f the 
a ro m a tic  sys tem s, as a re s u lt  o f w h ich  the s ta b il ity - in c re a s in g  e ffe c t o f the 
h ig h e r e le c tro n  dens ity  on the n itro g e n  donor atom s o f the a ro m a tic  a m in o - 
ac ids can e x e rt i ts e lf .
V a r io u s  m ethods o f ca lcu la tin g  the s ta t is t ic a l fa c to r  in  the s ta b il ity
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o f te rn a ry  com plexes have been proposed. W a tte rs^^^  po in ted  out that
the fo rm a tio n  o f a te rn a ry  com p lex A B A ^ fro m  a m e ta l . . B in  the p resence
of equal concen tra tions of ligands  A  and A ^ , is  a lways m o re  favou red  on a
s ta t is t ic a l bas is  than is  A  B o r  A ^ B . These te rn a ry  com plexes m ay be,
97and o ften  a re , m o re  s tab le  than expected fro m  so le ly  s ta t is t ic a l e ffec ts
L ig a n d -lig a n d  in te ra c tio n  in  a te rn a ry  species can a lso  lead to
d e s ta b ilis a tio n , i .  e. the com p lex  is  le ss  s tab le  than expected a fte r
147c o rre c t in g  fo r  s ta t is t ic a l e ffec ts  . In  ex trem e  cases the s ta b il ity  of
te rn a ry  com plexes a re  se ve ra l tim e s  g re a te r than tha t expected fro m  p u re ly
s ta t is t ic a l fa c to rs ^ ^ ^ , presum ably* as a re s u lt  o f e le c tro s ta t ic , s te r ic  and
167hydrogen bonding phenomena. B je r ru m  d iv ided  lig a nd  e ffec ts  in to  a
s ta t is t ic a l,  e le c tro s ta tic  and " re s e t"  e ffe c t, the la s t-n a m e d  co n s titu tin g
a l l  co n trib u tio n s  to the fo rm a tio n  constants w h ich  cannot be expla ined
e ith e r s ta t is t ic a lly  o r  e le c tro s ta t ic a lly .
W a tte rs ^^^  ca lcu la ted  the s ta t is t ic a l e ffe c t fo r  m ixed  com plexes
in v o lv in g  two ligands as fo llo v /s ; W ith  equal concen tra tions  o f ligands A  and
A ^  the p ro b a b ility  tha t the f i r s t  bonded lig a nd  w i l l  be A  is  J . The p ro b a b ility
2tha t ano the r A  w i l l  b ind  nex t to fo rm  A ^B  is  (J) o r  one in  fo u r ,  and tlae
1 1sam e app lies i f  A  b inds f i r s t  fo llo w ed  by ano ther A  . T h is  means that
the chances o f fo rm in g  A B A ^  a re  tw ice  as g re a t as fo rm in g  e ith e r  A ^B  o r
AgB alone. T h is  ca lc u la tio n  becom es m o re  com p lex  when th ree  o r  m o re
ligands  a re  invo lved .
167B je r ru m  has ca lcu la ted  the s ta t is t ic a l e ffe c t fo r  com plexes
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in v o lv in g  on ly  one lig a n d , i . e .  AB.^ A ^B  e tc . , and th is  m ethod cou ld , in
p r in c ip le ,  be app lied  to te rn a ry  system s. A  m o re  gene ra l approach fo r
c a lc u la tin g  s ta t is t ic a l fa c to rs  can be expressed in  the fo llo w in g  m anner :
In  aqueous so lu tion  con ta in ing  a d iva len t m e ta l io n  B (II) and n d if fe re n t
m onodentate ligands A  in  e q u im o la r concen tra tions , the h ig he s t m ixed  and
s im p le  com plexes tha t can be fo rm e d  a re  B A  «.A  ^..A g. A ^ . A  Ù.A y  and^ It b 1 U V
B A ^4 . The s u p e rs c r ip ts  denote d if fe re n t ligands w h ile  su b s c r ip ts  Q ,R ,S ,T ,
U ,V ,  w h ich  a re  p o s itiv e  o r  z e ro , re p re se n t the num ber o f co rre sp on d ing  
•ligands in  the com p lex species.
The num be r o f ways in  w h ich  these species can be fo rm e d  is  g iven
b y ,
n|
^  "  Q lR 'S lT lU lV !
W here  n  is  the to ta l num ber o f ligands in  the com p lex  species.
Thus the s im p le  com p lex  B A ^ i,  con ta in ing  s ix  ligands o f the sam e type can 
be fo rm e d  in  QI / q î  -  one w ay on ly . On the o th e r hand a m ixe d  species 
con ta in ing  s ix  ligands a l l  o f d if fe re n t tj^pes can be fo rm e d  in  720 w ays.
Equation  ( l)  can be used to ca lcu la te  the s ta t is t ic a l fa c to r  f o r  any m ixed  
spec ies.
F ro m  the fo llo w in g  equation ;
lo g Ç  = T 1 ^ B  (fo r  B A  ) + r  lo g  B  ( fo r  B A ^ ) + . . . .  + lo g  S (2 ) 
Q ^  R  ^  .
the s ta b il i ty  constant f o r  the m ixed  com plex can be ca lcu la te d , q and r  a re  the
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num bers  o f ligands A ,A ^  etc in  the m ixed  com p lex, and Q and R  a re  the
num bers  o f ligands in  co rre sp on d ing  s im p le  com plexes hav ing  the sam e
m e ta l- lig a n d  ra t io ,  w h ile  S is  the s ta t is t ic a l fa c to r  ca lcu la ted  f ro m  (1)
(e. g. fo r  a com p lex  A B A ^  lo g  S -  0 .301).
210Sharm a and Schubert have com pared the ca lcu la ted  va lues o f 
m ixe d  com p lex  fo rm a tio n  w ith  the expe rim en ta l values a long w ith  the " lig a n d  
enhancem ent fa c to r "  ( A  log  ^  .) o f the enlianced o r  d im in ish e d  s ta b il ity  o f
, d ie  m ixe d  com p lex, a fte r  c o rre c t io n  fo r  s ta t is t ic a l e ffec ts . In  m ixed
1 1 com plexes of type A B A  , A  lo g  ^   ^ is  in s ig n if ic a n t i f  A  and A  a re  s im i la r .
H ow ever f o r  m ixe d  com plexes o f am ines and a m in o -ac ids  o r  c a rb o x y lic  ac ids
A, log P» . is  a lw ays p o s itiv e .
- A n o th e r in te re s t in g  phenomenon to be noted in  the s ta b il ity  constants
156o f te rn a ry  com plexes is  s te re o -s e le c tiv ity . B rookes and P e t t i t  m easured  
constants f o r  te rn a ry  com plexes between copper(H ), v a rio u s  a m in o -ac ids  
and e ith e r  D~ o r  L -h is t id in a te . They found tha t in  the cases o f tryp tophanate  
and pheny la lan ina te , the com plexes w ith  D -h is tid in a te  had fo rm a tio n  constants 
s ig n if ic a n tly  h ig h e r than the co rrespond ing  com plexes w ith  L -h is t id in a te ,
No such e ffec ts  w e re  noted w ith  a m in o -ac ids  con ta in ing  a lip h a tic  s ide  chains 
(va lin e , s e rin e , th reon ine  e tc). F o r  a ll the copper te rn a ry  com plexes stud ied  
the s ta b il i ty  constants w e re  m uch h ig h e r than expected f ro m  p u re ly  
s ta t is t ic a l grounds. T h is  appears to be a c h a ra c te r is t ic  o f the h ls tid in a te  
ligand .
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Table 36 l is ts  the the rm odynam ic  p a ra m e te rs  fo r  the te rn a ry  species 
under in ve s tiga tio n . F ig u re s  in  parentheses a re  th ree  tim e s  the standard 
dev ia tion .
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F reem an  and M a rt in ^ ^ ^  have p re v io u s ly  re p o rte d  the com plexes
i G u (H ).h is . t h r , , C u (E I).h is .H . th r  and a lso  Cu(EI). h is . th r .O H  ,
obse rv in g  that the constants fo r  these species w e re  la rg e r  than those of
the p a re n ts , and tha t D as aga ins t L  a m in o -a c id  s te re o s p e c ific ity  was
absent. The p re se n t w o rk  fa ile d  to detect the h yd roxy  com p lex , bu t
va lues obta ined fo r  the o th e r two species a re  in  agreem ent w ith  F reem an
and M a r t in ,  a fte r  a llo w in g  fo r  a change in  the io n ic  background s a lt .  S a rka r 
144and K ru c k  have stud ied  the C u (H ).h is .g ln . sys tem , w h ich  m ay be con -
/s lde red  analogous to the p re s e n t C u (n ).a sn . h is . s tudy, and re p o rte d  lo g ^
fo r  the com plexes C u (H ).g ln .h is  (17.624) and C u (H )-.g ln .h is .H ^  (21, 654),
b u t no h yd roxy  species ( c . f .  F reem an  and M a rt in ) . They a lso  have stud ied
the C u(H )h is. s e r . sys tem  and found lo g  fo r  the com plexes Cu(U). s e r.
h is  (17.540) and C u ^ I) . s e r .h is .  H ^ (21 ,703). The Cu(11). asn. h is . re s u lts
in  th is  w o rk  a re  com parab le  to the C u (H ).g ln .h is . re s u lts  obta ined by
S a rka r and K ru c k .
The two system s e xh ib itin g  pro tonated  te rn a ry  com plexes both
con ta in  h is tid in a te , thus suggesting tha t the donor group p ro tona ted  belongs
to h is tid in a te . U nders tandab ly , the che la ting  a b i l i ty  o f a l l  th ree  ligands  was
pH dependent and the c o n tin u ity  o f s tepw ise  com p lex ing  was obeyed in  tha t,
+ 2+f o r  exam ple Cu(H)  )C u(E I)asn .h is . v ia  Cu(his) and C u (H )h is .H  ,
a ll com plexes be ing p re se n t in  s ig n if ic a n t am ounts in  the pH  range  s tud ied 
(see f ig u re  17 C hapte r 7).
The re s u lts  e x h ib it the enhancement expected o f te rn a iy  com plexes, 
as seen in  Table  37.
194
tHI'o
<DI
%
cj cd cd
tHI
IÜIÎ0
1
â
CQ
CDrfi
§
iI
t -co
■§
II
ÜI
IQ.
<D
CQ<
H
s
<
I
3
I
O
O
I
CDI
g
I
CDII
CD
l3Ü
I
O  OD cq lO rH rH to
05 O 05 LO 00 t> cq toCO cq cq CO CO CM CO
i> 05 o 00 cq
00 00 oCO CO CO
rQ
cd ccS cd
cd
lO 05 O lO o 05 O oc- o rH CO cq 00 COCO tr- O LO LO t ' LO 05
tH
lO cq o Th LO
t - 00 o COco oo to CO o
rH
cd
to t- o  cq o rH LOo  oo O cq o o O iHO  05 CO 0 5  05 o O CO
rH tH rH iH tH
05 cq OOtH O o cq CO
CO CO CO CO
O CO 05 o COtH rH tH rH
gÎ
o
CQ
icd
B
a
Q
w
tn
i
g
a
o
+ ,
SH
ai
S
u
I
CQ
g
d
Ü
a
w
CQ
3
gzsO
195
In  tab le  37 a denotes e x p t> c a lc , b denotesexptC  c a lc , and c denotes 
expt equal to, o r  between, ca lc  va lues.
The approach used is  to assum e tha t the re  a re  two p oss ib le  rou tes  
to fo rm in g , fo r  exam ple, Cu (II). asn. h i s. as in  equatiom(l) and l^)below :
j^a sn  ^^his.
C u^^ + asn. —  -------- ^ C u.asn Ï   ------- ^ Cu. asn. h is. (1)
I^his. ^^asn.
Cu^^ + h is .   C u .h is   ------------  =>Cu. asn. h is . (2)
w he re  the constants re fe r  to the p a re n t b in a ry  com plex. Thus i t  is  p oss ib le  
to obta in  express ions (s) and (f).
A  G ° ^  C u .a s n .h is .^  (ca lc) = -R T ^ lo g  ^  + (log ^  ~ log  p> "j (3)
A  G^ ^ C u .a s n .h is . ^ (ca lc) = -R T ^ lo g  ^  + ( lo g ^ ^ ^ ^  “  lo g  |â ^^^ ) |  (4)
A  , and T A  , w e re  com puted lik e w is e  and a re  re co rd ed  inca lc  ca lc
tab le  37. A s seen fro m  th is  tab le , an enhanced -  A  G^ a ris e s  fro m  a lo w e r 
than expected -  A H ^  and elevated T A  8° (see d iffe re n ce  co lum ns). The 
o r ig in s  of these p a ra lle l and appa ren tly  re la te d  e ffects  in  A n °  and A  8° 
m ay now be traced  to two poss ib le  e ffe c ts . T e rn a ry  com p lex  fo rm a tio n  
som etim es lib e ra te s  m o re  w a te r fro m  the so lva tion  sphere  of the copper 
io n  (and som etim es le s s ), thus in c re a s in g  A 8° bu t re q u ir in g  -  A h ^  to 
decrease because m o re  aquation bonds a re  ru p tu re d . A lte rn a t iv e ly ,  
te rn a ry  com plex fo rm a tio n  causes inc re ase d  com plex-bond s tra in . T h is , 
how ever, w ould  re s u lt  in  lo w e r -  A h ^  (a v /eaker com p lex bond) and a
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lo w e r / \ S ^  (less degrees o f freedom  in  the sys tem ). The fo rm e r  suggestion 
exp la ins the -  A h ^ ,  A S ^  (b ,a ) p a tte rn  in  Tab le  37, w hereas the bond- 
8t ra in  suggestion w ou ld  in vo lve  a b , b , o r  a , a p a tte rn . H ow ever the re  
is  a need fo r  m o re  e xp e rim e n ta l data to v e r ify  th is  pos tu la te .
S tru c tu re  o f the te rn a ry  spec ies.
The m o s t im p o rta n t d e ta ils  a r is in g  fro m  th is  s tudy a re  the rm odynam ic  
conclus ions w h ich  suggest the s tru c tu re s  o f the com plexes p re se n t in  
aqueous so lu tion . S pec tra l in ve s tig a tio n s  of s tru c tu re  p e rc e iv e  on ly those 
aspects o f the s tru c tu re  tha t a re  in vo lved  in  e le c tro n ic  tra n s itio n s . On the 
o th e r hand entha lp ies and en trop ies  o f com p lex fo rm a tio n  re f le c t  a l l  bond 
s tre n g th s , r in g  s tra in s  and c o n fig u ra tio n s . In  o rd e r to recogn ise  these 
c h a ra c te r is t ic s  in  A h  ^ and A  p a tte rn s  the question  o f te rn a ry  s tru c tu re s  
ought to be approached v ia  those of th e ir  p a re n t b in a ry  com plexes. The 
d e n tic ity  o f the am ino ac ids  has a lre a d y  been d iscussed (p. 170) ; th reon ina te  
is  b iden ta te , h is tid in a te  tr id e n ta te  and asparag ina te  is  p o s s ib ly  a lso  trid e n ta te . 
Each of the f iv e  te rn a ry  com plexes w i l l  now be d iscussed in  tu rn .
27C u (H ).a sn .h is . The h is tid in a te  is  shown bonded, as argued by W ill ia m s  , 
w ith  two p la n a r am ine-C u(H ) bonds and a lo n g e r a x ia l ca rboxy la te -C u (H ) 
bond. The asparag ina te  is  shown as a tra n s ie n t tr id e n ta te  ligand  having  the 
bas ic  p la n a r bonding to i ts  a m in o -a c id  g roups.
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COO— >
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The question  as to w h e th e r the NH^ groups a re  c is  o r  trans  to 
each o th e r is  s t i l l  open. H ow ever c is  should be favou red , on the grounds 
o f the re p u ls io n  o f two nega tive ly  CO^ g roups, the h is . be ing  a x ia l and the 
asn. being p la n a r. W e re  the bond co n fig u ra tion s  to be t ru ly  s y m m e tr ic a l 
J a h n -T e lle r  oc ta h ed ra l, the d istances between the ca rb oxy la te  groups fo r  
both c is  and tra ns  suggestions w ou ld  be s im i la r .  H ow ever m o le c u la r m odels 
suggest that the h is tid in a te  CO^ -  Cu(H) bond is  not a t 90° to the p lane, bu t 
nearer to 70°. Thus le ss  in te rc a rb o x y la te  re p u ls io n  occurs  fo r  the c is - NH^ 
m ode l. A no th e r question  is  w he the r the asparag ina te  s id e -g ro u p  bonded 
in  extended a x ia l p o s itio n  is  through the NH^ o r  the C = O. A s  il lu s tra te d  
above, a C u -N  bond is  te n ta tive ly  suggested, because Cu(H) p re fe rs  N 
ra th e r  than O donors. The o v e ra ll te s t tha t the bas ic  s tru c tu re  is  as 
draw n is  tha t ca lcu la ted  va lues o f A H °  and A S ° ,  ca lcu la ted  on the 
assum ption  that b in a ry  s tru c tu re s  s u rv iv e  in  the te rn a ry  com p lexes, a re  
in  agreem ent w ith  the e x p e rim e n ta lly  observed va lues in  T ab le  37.
C u(II). a s n .h is . H O nly te rn a ry  com plexes w h ich  con ta in  h is t id in a te  
fo rm  pro tonated  species. T h is  shows t lia t the s ite  of p ro to n a tio n  is  a t one
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o f the th ree  donor groups of h is tid in a te . F u rth e rm o re , the b in a ry  Cu(H), asn.
sys tem  does no t have p ro tona ted  spec ies.
The p ro to n  is  assum ed to be attached to the p r im a ry  am ine  of 
27 —h is tid in a te  , the a x ia l CO^ group m ov ing  inw a rds  tow ards the c e n tra l 
m e ta l io n  to adopt a p la n a r bonding p o s itio n  trans to the asparag ina te  CO^ 
group . The entha lpy fo r  the re a c tio n  C u (E ).a s n .h is  + H   > C u (II) .a s n .
h is .H  ^  (20. 7 kJ  mol*"^) is  com parab le  to Üiat o f C u (H ).h is  ^   >
2+ -1 C u (n ) .h is .H . (23 .1  kJ  m o l ).
I
C u (n ).a sn . th r .  The C u (H )-aspa rag ina te  bonding is  as ju s t d esc ribe d , and the 
th reon ina te  is  b iden ta te  as deduced b e fo re . The h y d ro x y l g roup  on 
th reon ina te  hangs fre e , and is  no t bonded to the Cu(H). The  p r in c ip le  o f 
re p u ls io n  between l ik e  g roup ings suggests tha t the ca rb oxy la te  and p r im a ry  
am ine  groups a re  trans  to each o th e r.
OH ' x :
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C u Q P .h is . th r .  The suggested aqueous s tru c tu re  o f th is  com p lex  is  based 
on the b in a ry  p a ren t lo g is t ic s  p re v io u s ly  advanced fo r  h is tid in a te  and 
th reon ina te . COO-
211S arka r e t a l suggested tha t h is t id in a te  bonded l ik e  th reon ina te ,
v ia  ca rb oxy la te  and p r im a ry  am ine  group . H ow ever, the c ry s ta l s tru c tu re
212has been de te rm ined  by F reem an  , and th e ir  fin d in g s  a re  in  agree­
m ent w ith  the proposed s tru c tu re . The tw^ 'o -N H ^ groups a re  c is  and the 
angle N(NH ) -  Cu -  O (CO ) is  68. 3^ in  the c ry s ta l s tru c tu re .
C u ( II) .h is . H. th r  The suggested aqueous s tru c tu re  o f th is  ca tion ic  com p lex  
is  shown be low . The p ro to n  is  attached to the p r im a ry  am ine  of h is tid in a te , 
and the o the r fea tu re s  have been deduced as fo r  the p re v io u s  te rn a ry  com p lexes.
H 2 9
OH
NH
O H
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T h is  sec tion  o f the p re se n t w o rk  has exam ined the re la t iv e ly  new 
f ie ld  o f te rn a ry -s tru c tu re  d e te rm in a tio n  in  aqueous so lu tio n  and has ^
dem onstra ted  that p re c is io n  the rm odynam ic  m easurem ents can p ro v id e  
m any of the im p o rta n t bonding d e ta ils . "P re c is io n ”  encom passes the b es t 
m ethods a va ilab le  fo r  A g ^  d e te rm in a tio n  (both data a c q u is it io n  and le a s t 
squares com putation) and then a ccu ra te  c a lo r im e try  in v o lv in g  re lia b le  A h “  
c o rre c tio n s  ( fo r the o th e r com plexes fo rm e d  s im u ltaneous ly  to the te rn a ry  
ones) to o b ta in . and A s ^ .  The "s tru c tu re s "  a re  then revea led
through bond s tre n g th s , r in g  s tra in s  and som e co n fig u ra tio n a l in fo rm a tio n .
T h is  ought to be con tras ted  w ith  X - ra y  c ry s ta llo g ra p h ic  d e te rm ina tio ns  
w h ich  re ve a l bond angles, d im ensions and co n fig u ra tion s  fo r  the non-aqueous 
c ry s ta ll in e  sta te . The two m ethods a re  com p lem en ta ry , g iv in g  d if fe re n t 
v iew s o f tlie  sam e sys tem  under d if fe re n t am b ien t cond itions .
C onclus ions and fu tu re  w o rk .
The body is  on ly  3% m e ta ls  by w e ig h t, y e t the s ig n ifica n ce  of m e ta ls  
in  l i f e  is  fa r  g re a te r than th is  low  f ig u re  w ould  in d ica te . F o r  exam ple, 
m e ta l ions a re  o ften in vo lved  when a m in o -a c id  un its  a re  be ing  b u i lt  up in to  
p ro te in s .
The p re se n t w o rk  has d ea lt w ith  the com p lexa tion  of aspa rag ina te , a 
s im p le  lig a nd , ye t i t  fo rm s  a la rg e  num ber o f m e ta l com plexes. F u tu re  
w o rk  should inc lude  Üie study o f the com p lexa tion  of asparag ina te  w ith  Fe(lIX) 
w he re  h yd roxy  species a re  a lm o s t c e r ta in ly  in vo lved , and a m ethod fo r  
ob ta in ing  c a lo r im e tr ic  data f o r  these as w e ll as fo r  the Fe(H) com plexes
201
needs to be developed.
The la t te r  p a r t  o f tin s  w o rk  d iscussed a num ber o f te rn a ry  system s 
in v o lv in g  C u(II) and two d if fe re n t a m in o -a c id s . These sys tem s have been 
shown to be im p o rta n t in  copper tra n s p o rt, and fu tu re  w o rk  in  th is  f ie ld  
should be extended to in c lu de  te rn a ry  species w iü i o th e r m e ta l io n s . Fe(H I) 
seems to be a p a r t ic u la r ly  good cand idate , fo r  te rn a ry  com plexes w ith  th is  
m e ta l ion  m ay w e ll be in vo lve d  in  iro n  tra n s p o rt. The in  v i t r o  s tudy o f 
system s of th is  type w i l l  he lp  us ■ o understand the in  v iv o  c h e m is tr ie s  of 
the sam e sys tem s.
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